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HOST CELLS AND METHODS FOR
PRODUCTION OF ISOBUTANOL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/428,585 (filed Mar. 23, 2012 which claims
priority under 35 U.S.C. §119(e) to U.S. Application Nos.
61/472,484 (filed Apr. 6, 2011), 61/467,261 (filed Mar. 24,
2011), 61/472,487 (filed Apr. 6,2011), 61/467,271 (filed Mar.
24, 2011), 61/570,513 (filed Dec. 14, 2011), 61/467,249
(filed Mar. 24, 2011), 61/472,497 (filed Apr. 6, 2011), and
61/472,474 (filed Apr. 6, 2011), each of which is in incorpo-
rated herein by reference in its entirety.

GOVERNMENT LICENSE RIGHTS

This invention was made with Government support under
Agreement DE-AR0000006 awarded by the United States
Department of Energy. The Government has certain rights in
this invention.

FIELD OF THE INVENTION

The invention relates to recombinant host cells and meth-
ods for fermentative production of isobutanol.

REFERENCE TO SEQUENCE LISTING
SUBMITTED ELECTRONICALLY VIA EFS-WEB

The content of the electronically submitted Sequence List-
ing (Name: 20120323_CL5367USNA_SEQLIST.txt; Size
2,003,893 bytes; Date of Creation Mar. 23, 2012) is herein
incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION

Butanol is an important industrial chemical, useful as a fuel
additive, as a feedstock chemical in the plastics industry, and
as a food grade extractant in the food and flavor industry. Each
year 10 to 12 billion pounds of butanol are produced by
petrochemical means and the need for this commodity chemi-
cal will likely increase in the future.

Methods for the chemical synthesis of isobutanol are
known, such as oxo synthesis, catalytic hydrogenation of
carbon monoxide (Ullmann’s Encyclopedia of Industrial
Chemistry, 6th edition, 2003, Wiley-VCH Verlag GmbH and
Co., Weinheim, Germany, Vol. 5, pp. 716-719) and Guerbet
condensation of methanol with n-propanol (Carlini et al., J.
Molec. Catal. A. Chem. 220:215-220, 2004). These processes
use starting materials derived from petrochemicals, are gen-
erally expensive, and are not environmentally friendly. The
production of isobutanol from plant-derived raw materials
would minimize green house gas emissions and would rep-
resent an advance in the art.

Isobutanol is produced biologically as a by-product of
yeast fermentation. It is a component of “fusel 0il” that forms
as a result of the incomplete metabolism of amino acids by
fungi. Isobutanol is specifically produced from catabolism of
L-valine. After the amine group of L-valine is harvested as a
nitrogen source, the resulting a-keto acid is decarboxylated
and reduced to isobutanol by enzymes of the so-called Ehrlich
pathway (Dickinson et al., J. Biol. Chem. 273:25752-25756,
1998).

15

25

30

40

45

55

2

Improvements and alternatives for the biosynthesis of
butanol directly from sugars would improve economic viabil-
ity and would represent an advance in the art.

SUMMARY OF THE INVENTION

Provided herein are recombinant yeast host cells and meth-
ods for the production of isobutanol.

In some embodiments, a recombinant host cell comprises
an engineered isobutanol production pathway and (a) at least
one of (i) a heterologous polypeptide with ketol-acid reduc-
toisomerase (KARI) activity selected from the group consist-
ing of (1) a polypeptide having at least about 90% identity to
a KARI enzyme derived from Bifidobacterium angulatum,
Bifidobacterium dentium, Zyrnomonas mobilis, Clostridium
beijerinckii or Anaerostipes caccae, or an active fragment
thereof (2) a polypeptide having at least about 90% identity or
at least about 95% identity to SEQ ID NO: 27, 29,31, 33,35,
37,39,41,43,45,47,49, 51, 53, 55, 57, 59, 61, 63, or 65; or
(ii) a heterologous polynucleotide encoding the heterologous
polypeptide with KARI activity of (a); and (b) at least one
host cell modification that enhances performance of the engi-
neered isobutanol production pathway. In some embodi-
ments, the combination of (a) and (b) results is a synergistic
increase in isobutanol production pathway performance.

In some embodiments, a recombinant host cell comprises
an isobutanol biosynthetic pathway and (a) a heterologous
polypeptide with ketol-acid reductoisomerase (KARI) activ-
ity selected from the group consisting of (i) a polypeptide
having at least about 90% identity to a KARI enzyme derived
from Bifidobacterium angulatum, Bifidobacterium dentium,
Zymomonas mobilis, Clostridium beijerinckii or Anaerosti-
pes caccae, or an active fragment thereof] (ii) a polypeptide
having at least about 90% identity or at least about 95%
identity to SEQ ID NO: 27, 29, 31, 33, 35,37, 39, 41, 43, 45,
47, 49, 51, 53, 55, 57, 59, 61, 63, or 65, (iii) a polypeptide
having at least about 90% identity or at least about 95%
identity to a KARI enzyme derived from Bifidobacterium
angulatum, Bifidobacterium dentium, Enterococcus galli-
narum, Streptococcus thermophiles, Zymomonas mobilis,
Clostridium beijerinckii, Anaerostipes caccae, or Lactococ-
cus lactis subsp. cremoris M(G1363 or an active fragment
thereof, wherein the polypeptide has a K,, for NADH less
than about 50, (iv) a polypeptide having at least about 90%
identity or at least about 95% identity to a KARI enzyme
derived from Staphylococcus capitis SK14, Staphylococcus
epidermidis M23864-W 1, Staphylococcus hominis SK119,
Staphylococcus aureus subsp. aureus TCH130, Staphylococ-
cus warneri 137603, Staphylococcus epidermidis W23144,
Staphylococcus  saprophyticus  subsp.  Saprophyticus
ATCC15305, Staphylococcus carnosus subsp. Carnosus
TM300, Listeria monocytogenes EGO-e, Listeria grayi DSM
20601, FEnterococcus casseliflavus EC30, Enterococcus
gallinarum EG2, Macrococcus caseolyticus JCSC5402,
Streptococcus vestibularis, Streptococcus mutans UA159,
Streptococcus gordonii str, cgakkus sybstr. CH1, Streptococ-
cus suis 89/1591, Streptococcus infantarius subsp. infan-
tarius ATCC BAA-102, Lactococcus lactis subsp cremoris
MG1363, Lactococcus lactis, Leuconostoc mesenteroides
subsp mesenteroides ATCC8293, Lactobacillus buchneri
ATCC 11577, Staphylococcus haemolyticus JCSC1435, Sta-
phylococcus epidermidis ATCC12228, Streptococcus pneu-
moniae CGSP14, Streptococcus preumoniae TIGR4, Strep-
tococcus sanguinis SK36, Streptococcus salivarius SK126,
Streptococcus thermophilus LMD-9, Streptococcus preumo-
niae CCRI 1974M2, Lactococcus lactis subsp. lactis 111403,
Leuconostoc mesenteroides subsp cremoris ATCC19254,
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Leuconostoc mesenteroides subsp cremoris, Lactobacillus
brevis subsp. gravesensis ATCC27305, or Lactococcus lactis
subsp lactis NCDO2118 or an active fragment thereof,
wherein the heterologous polypeptide has a K,, for NADH
less than about 50, (v) a heterologous polypeptide with KARI
activity having at least about 90% identity or at least about
95% identity to SEQ ID NO: 67,69,71,73,75,77,79, 81,83,
85, 87, 89, 91, 93, 95, 97, 99, 101, 103, 105, 107, 109, 111,
113,115,117,119,121,123,125,127,129, 131, 133, or 135
or an active fragment thereof, wherein the heterologous
polypeptide has a K,, for NADH less than about 50; (b) a
heterologous polynucleotide encoding the heterologous
polypeptide with KARI activity of (a); (c) reduced or elimi-
nated aldehyde dehydrogenase activity; (d) reduced or elimi-
nated aldehyde oxidase activity; (e) reduced or eliminated
acetolactate reductase activity; or (f) a combination thereof.

In one embodiment, the recombinant host cell comprises
reduced or eliminated aldehyde dehydrogenase expression
activity and reduced or eliminated acetolactate reductase
expression or activity.

In another embodiment, the recombinant host cell com-
prises (i) reduced or eliminated aldehyde dehydrogenase
expression or activity or reduced or eliminated acetolactate
reductase expression or activity and (ii) a heterologous poly-
nucleotide encoding a polypeptide having KARI activity and
K,,for NADH less than 300 uM.

In another embodiment, the recombinant host comprises a
heterologous polypeptide with KARI activity that has at least
about 90% or at least about 95% identity to SEQ ID NO: 27,
29, 141, 143, 275, or 277.

In some embodiments, the recombinant host cell com-
prises a heterologous polypeptide with KARI activity that
comprises substitutions in amino acids corresponding to S56
and S58 of SEQ ID NO: 27. In some embodiments, the
polypeptide with KARI activity further comprises a substitu-
tion of one or more of the amino acids corresponding to 186,
N87, T131, or T191 of SEQ ID NO: 27. In some embodi-
ments, the polypeptide with KARI activity having at least
90% identity or at least 95% identity to SEQ ID NO: 31, 33,
35,37,39,41,43,45,47,49, 51, 53, 55, 57,59, 61, 63, or 65.

In some embodiments, the recombinant host cell has an
effective isobutanol productivity of at least about 3, at least
about 4, or at least about 5 grams per gram of cells after about
48 hours, wherein at least the last about 24 of the 48 hours are
under anaerobic conditions.

In some embodiments, the recombinant host cell com-
prises a heterologous polypeptide with KARI activity thathas
a K, for NADH less than about 350, less than about 100, less
than about 50, or less than about 10 uM at pH 6.8.

In some embodiments, the recombinant host cell com-
prises a heterologous polypeptide with KARI activity thathas
at least about 90% identity or at least about 95% identity to
SEQ ID NO: 376, 382, 378, or 275.

In some embodiments, the recombinant host cell com-
prises a heterologous polypeptide with KARI activity com-
prises an amino acid substitution at one or more of the posi-
tions corresponding to amino acids A41, S56, S58, 187, T131,
T191, R227, or Q246 of a KARI enzyme derived from
Anaerostipes caccae (SEQ ID NO:27).

In some embodiments, the recombinant host cell com-
prises a heterologous polypeptide with KARI activity that
comprises SEQ ID NO: 33 or SEQ ID NO:35 or an active
fragment thereof.

In another embodiment, the recombinant host cell com-
prises a deletion, mutation, and/or substitution in an endog-
enous polynucleotide encoding a polypeptide having alde-
hyde dehydrogenase activity. In some embodiments, the
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polypeptide having aldehyde dehydrogenase activity cata-
lyzes the conversion of isobutyraldehyde to isobutyric acid.
In some embodiments, the polypeptide having aldehyde
dehydrogenase activity corresponds to Enzyme Commission
Number EC 1.21.3, EC 1.2.1.4, and/or EC1.2.1.5. In some
embodiments, the host cell is S. cerevisiae and the polypep-
tide having aldehyde dehydrogenase activity is ALD2, AL.D3,
ALD4, ALDS, ALD6 or a homolog thereof. In some embodi-
ments, the host cell is K. lactis and the polypeptide having
aldehyde dehydrogenase activity is KLLAOF00440,
KLLAOE23057, KLLA0OD10021, or KLLAOD09999G. In
some embodiments, the host cell is P. stipitis and the polypep-
tide having aldehyde dehydrogenase activity is ALD2, AL.D3,
ALD4, ALDS, or ALD7. In some embodiments, the host cell
is Lactobacillus plantarum and said polypeptide having alde-
hyde dehydrogenase activity is AldH. In some embodiments,
the host cell is E. coli and the polypeptide having aldehyde
dehydrogenase activity is aldA, aldB, or aldH.

In another embodiment, the host cell comprises a deletion,
mutation, and/or substitution in an endogenous polynucle-
otide encoding a polypeptide having aldehyde oxidase activ-
ity. In some embodiments, the polypeptide having aldehyde
oxidase activity catalyzes the conversion of isobutyraldehyde
to isobutyric acid. In some embodiments, the polypeptide
having aldehyde oxidase activity corresponds to Enzyme
Commission Number EC 1.2.3.1. In some embodiments, the
polypeptide having aldehyde oxidase activity is AOX1 and/or
AOX2.

In another embodiment, the host cell comprises a deletion,
mutation, and/or substitution in an endogenous polynucle-
otide encoding a polypeptide having acetolactate reductase
activity. In some embodiments, the polypeptide having aceto-
lactate reductase activity comprises a polypeptide encoded by
a polynucleotide selected from the group consisting of SEQ
IDNO: 676, SEQIDNO: 678, SEQ ID NO: 680, SEQID NO:
682, SEQ ID NO: 684, SEQ ID NO: 686, SEQ ID NO: 688,
SEQ ID NO: 690, SEQ ID NO: 692, SEQ ID NO: 694, SEQ
IDNO: 696, SEQ ID NO:702, SEQID NO: 704, SEQ ID NO:
706, SEQ ID NO: 708, SEQ ID NO: 710, SEQ ID NO: 712,
SEQ ID NO: 714, SEQ ID NO: 716, SEQ ID NO: 718, SEQ
ID NO: 720, SEQ ID NO: 722, SEQ ID NO: 724, SEQ ID
NO:726, SEQ ID NO:728, and SEQ ID NO: 730. In some
embodiments, the polypeptide having acetolactate reductase
activity is YMR226C.

Inanother embodiment, the recombinant host cell is a yeast
host cell. In some embodiments, the yeast is selected from the
group consisting of Saccharomyces, Schizosaccharomyces,
Hansenula, Candida, Kluyveromyces, Yarrowia, Issatchen-
kia, or Pichia. In some embodiments, the host cell is Saccha-
romyces cerevisiae.

In another embodiment, the host cell is a bacterial cell. In
some embodiments, the bacterial cell is a Clostridium,
Zymomonas, Escherichia, Salmonella, Rhodococcus,
Pseudomonas, Bacillus, Lactobacillus, Enterococcus, Pedio-
coccus, Alcaligenes, Klebsiella, Paenibacillus, Arthrobacter,
Corynebacterium, Brevibacterium, Lactococcus, Leuconos-
toc, Oenococcus, Pediococcus, or Streptococcus cell. In some
embodiment, the bacterial cell is not E. coli.

In some embodiments, the engineered isobutanol produc-
tion pathway of the recombinant host cell comprises the fol-
lowing substrate to product conversions: (a) pyruvate to
acetolactate, (b) acetolactate to 2,3-dihydroxyisovalerate, (c)
2,3-dihydroxyisovalerate to 2-ketoisovalerate, (d) 2-ketois-
ovalerate to isobutyraldehyde, and (e) isobutyraldehyde to
isobutanol and more than one of the substrate to product
conversions is catalyzed by an enzyme that is heterologous to
the host cell. In some embodiments, all of the substrate to
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product conversions are catalyzed by enzymes heterologous
to the host cell. In some embodiments, at least one heterolo-
gous polynucleotide encoding an enzyme heterologous to the
host cell is chromosomally integrated into the host cell. In
some embodiments, the substrate to product conversions are
catalyzed by enzymes substantially localized to the cytosol.
Insome embodiments, the substrate to product conversion for
isobutyraldehyde to isobutanol is catalyzed by an alcohol
dehydrogenase enzyme that utilizes NADH as a cofactor. In
some embodiments, the conversion of acetolactate to 2,3-
dihydroxyisovalerate is catalyzed by a KARI that can use
NADH as a cofactor.

In some embodiments, the host cell comprises the plasmid
pLH702 or pLH701 or a plasmid having the same coding
regions. In some embodiments, the host cell comprises the
plasmid pBP915 or a plasmid having the same coding
regions. In some embodiments, the host cell comprises the
plasmid pYZ067AkivDAhADH or a plasmid having the same
coding regions.

In some embodiments, the host cell comprises reduced,
disrupted, or eliminated ability to convert acetolactate to 2,3-
dihydroxy-2-methylbutyrate.

In some embodiments, the host cell is yeast and has
reduced or eliminated pyruvate decarboxylase expression or
activity. In some embodiments, the host cell has reduced or
eliminated PDC1, PDCS, or PDC6 activity or a combination
thereof.

In some embodiments, the host cell has reduced or elimi-
nated NAD-dependent glycerol-3-phosphate dehydrogenase
expression or activity. In some embodiments, the host cell has
reduced GPD?2 activity.

In some embodiments, the host cell has reduced or elimi-
nated FRA2 expression or activity.

In some embodiments, the host cell produces isobutanol
under anaerobic conditions and the molar ratio of isobutanol
to glycerol is greater than 1.

In some embodiments, the polypeptide having ketol-acid
reductoisomerase activity matches the profile HMM given
provided in Table Z with a profile HMM E value of <107,

In some embodiments, the host cell produces isobutanol at
a yield greater than about 25%, about 50%, about 75%, or
about 90% of theoretical yield.

In some embodiments, isobutanol and ethanol are pro-
duced.

Methods for producing isobutanol include methods com-
prising providing a recombinant host cell as described above
and contacting the host cell with a carbon substrate under
conditions whereby isobutanol is produced. In some embodi-
ments, at least a portion of the contacting occurs under
anaerobic conditions. In some embodiments, the contacting
occurs in the presence of an extractant. In some embodiments,
the contacting occurs in the presence of a sufficient quantity
of organic extractant to form a two-phase system comprising
an aqueous phase and an organic phase. In some embodi-
ments, one or more of the effective rate, effective titer, or
effective yield of isobutanol is increased as compared to
methods using a recombinant host cell that does not comprise
a heterologous polypeptide with KARI activity, a heterolo-
gous polynucleotide encoding a polypeptide with KARI
activity, reduced or eliminated aldehyde dehydrogenase
activity, reduced or eliminated aldehyde oxidase activity,
reduced or eliminated acetolactate reductase activity, or a
combination thereof. In some embodiments, one or more of
the effective rate, effective titer, or effective yield of isobu-
tanol is increased as compared to methods using a recombi-
nant host cell that does not comprise (i) a heterologous
polypeptide with KARI activity or a heterologous polynucle-
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otide encoding a polypeptide with KARI activity and (ii) at
least one modification that enhances performance of the engi-
neered isobutanol production pathway. In some embodi-
ments, DHMB production, isobutyric acid production, or
both is reduced as compared to methods using a recombinant
host cell that does not comprise a heterologous polypeptide
with KART activity, a heterologous polynucleotide encoding
apolypeptide with KARI activity, reduced or eliminated alde-
hyde dehydrogenase activity, reduced or eliminated aldehyde
oxidase activity, reduced or eliminated acetolactate reductase
activity, or a combination thereof. In some embodiments,
DHMB production, isobutyric acid production, or both is
reduced as compared to methods using a recombinant host
cell that does not comprise (i) a heterologous polypeptide
with KARI activity or a heterologous polynucleotide encod-
ing a polypeptide with KARI activity and (ii) at least one
modification that enhances performance of the engineered
isobutanol production pathway. In some embodiments, the
molar ratio of isobutanol to glycerol is greater than 1.

Methods for producing isobutanol also comprise providing
a recombinant host cell that produces isobutanol and contact-
ing the host cell with a carbon substrate under conditions
whereby isobutanol is produced, wherein at least a portion of
the contacting occurs under anaerobic conditions, and
wherein the ratio ofisobutanol to glycerol produced is greater
than 1.

Methods for producing isobutanol also comprise growing a
recombinant yeast comprising a biosynthetic pathway
capable of converting pyruvate to acetolactate under condi-
tions whereby butanol is produced and removing DHMB
from the culture.

Compositions produced by such methods are also provided
herein. In some embodiments, the composition comprises
isobutanol and a recombinant host cell provided above. In
some embodiments, the composition comprises butanol and
no more than about 0.5 mM DHMB.

Fermentative compositions are also provided herein. In
some embodiments, a fermentative composition comprises
the host cell and isobutanol produced according to the meth-
ods provided above.

Compositions comprising i) a recombinant yeast capable
of producing butanol, ii) butanol, and iii) no more than about
0.5 mM DHMB are also provided.

Methods for producing a recombinant host cell are also
provided. Such methods can comprise (a) providing a recom-
binant host cell comprising a modification in a polynucleotide
encoding a polypeptide having aldehyde dehydrogenase
activity or aldehyde oxidase activity; and (b) transforming the
host cell with a polynucleotide encoding a polypeptide of an
isobutanol biosynthetic pathway.

Methods for reducing or eliminating the conversion of
isbutyraldehye to isobutyric acid are also provided. Such
methods can comprise (a) providing the recombinant host cell
as described herein; and (b) subjecting the host cell to condi-
tions wherein the conversion of isbutyraldehye to isobutyric
acid is reduced or eliminated compared to methods using a
recombinant host cell that does not comprise reduced or
eliminated aldehyde dehydrogenase and/or aldehyde oxidase
activity.

Certain polypeptides are also provided herein. In some
embodiments, the polypeptides comprise at least about 90%
identity or at least about 95% identity or at least about 99%
identity to SEQ ID NO: 29, 31, 33, 35,37, 39, 41, 43, 45,47,
49,51,53,55,57,59,61,63,65,417,419,421,423,425,427,
429, 431, 433, 434, 435, 436, 437, 438, 439, 440, 441, 442,
443, 444, 445, 446, 447, 448, 449, 450, 451, 452, 453, 454,
455, 456, 457, 458, 459, 460, 461, 462, 463, 464, 465, 466,
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467, 468, 469, 470, 471, 472, 473, 474, 475, 476, 477, 478,
479, 480, 481, 482, 483, 484, 485, 486, 487, 488, 489, 490,
491, 492, 493, 494, 495, 496, 497, 498, 499, 500, 501, 502,
503, 504, 505, 506, 507, 508, 509, 510, 511, 512, 513, 514,
515, 516, 517, 518, 519, 520, 521, 522, 523, 524, 525, 526,
527, 528, 529, 530, 531, 532, 533, 534, 535, 536, 537, 624,
626, 628, 630, 632 or an active fragment thereof and have
ketol-acid reductoisomerase activity. In some embodiments,
the polypeptides comprise at least about 90% identity or at
least about 95% identity or at least about 99% identity to SEQ
IDNO: 417,419,421, 423,425, or 427 or an active fragment
thereof and have ketol-acid reductoisomerase activity. In
some embodiments, a polypeptide comprises a sequence with
at least about 90% identity, at least about 95% identity, or at
least about 99% identity to SEQ ID NO: 927, 928, 196, 266,
267, 389, 405, 637, 781, 782, 783, 835, 853, 854, 855, 856,
857, or 859.

Polynucleotides encoding such polypeptides and host cells
comprising such polynucleotides and polypeptides are also
provided.

Methods of converting acetolactate to 2,3-dihydroxyisov-
alerate are also provided. For example, such methods can
comprise (a) providing a polypeptide described above, and
(b) contacting the polypeptide with acetolactate under condi-
tions wherein 2,3-dihydroxyisovalerate is produced.

Recombinant yeast cells are also provided herein. In some
embodiments, a recombinant yeast comprises a biosynthetic
pathway capable of converting pyruvate to acetolactate, and
the yeast produces less than 0.01 moles 2,3-dihydroxy-2-
methyl butyrate (DHMB) per mole of sugar consumed. In
some embodiments, a recombinant yeast comprises capable
of converting pyruvate to acetolactate, and the yeast produces
DHMB at a rate of less than about 1.0 mM/hour. In some
embodiments, a recombinant yeast comprises a biosynthetic
pathway capable of converting pyruvate to acetolactate, and
the yeast produces an amount of 2,3-dihydroxy-3-isovalerate
(DHIV) that is at least about 1.5 times the amount of DHMB
produced.

Methods of identifying a gene involved in DHMB produc-
tion are also provided. In some embodiments, the methods
comprise (i) providing a collection of yeast strains compris-
ing at least two or more gene deletions; (ii) measuring the
amount of DHMB produced by individual yeast strains; (iii)
selecting a yeast strain that produces no more than about 1.0
mM DHMB/hour; and (iv) identifying the gene that is deleted
in the selected yeast strain. In some embodiments, the meth-
ods comprise (i) providing a collection of yeast strains that
over-express at least two or more genes; (ii) measuring the
amount of DHMB produced by individual yeast strains; (iii)
selecting a yeast strain that produces at least about 1.0 mM
DHMB; and (iv) identifying the gene that is over-expressed in
the selected yeast strain.

Methods for the production of butanol are also provided. In
some embodiments, the methods comprise (a) growing a
recombinant yeast comprising a biosynthetic pathway
capable of converting pyruvate to acetolactate under condi-
tions whereby butanol is produced; and b) measuring DHIV
and/or DHMB concentration. In some embodiments, the
growing and measuring can be performed simultaneously or
sequentially and in any order. In some embodiments, the
measuring comprises liquid chromatography-mass spec-
trometry.

Methods for increasing ketol-acid reductoisomerase
(KARTI) activity are also provided. In some embodiments, the
methods comprise (a) providing a composition comprising
acetolactate, a KARI enzyme, and an acetolactate reductase
enzyme and (b) decreasing DHMB levels. In some embodi-
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ments, decreasing DHMB levels is achieved by decreasing
acetolactate reductase enzyme activity. In some embodi-
ments, decreasing DHMB levels is achieved by removing
DHMB from the composition.

In some embodiments, increasing KARI enzyme produc-
tivity in a host cell can comprises culturing a host cell,
wherein the host cell comprises a heterologous KARI enzyme
and at least one genetic modification that reduces, disrupts, or
eliminates acetolactate reductase expression or activity, and
wherein the KARI enzyme activity is decreased in the pres-
ence of DHMB. In some embodiments, the KARI has at least
about 90%, at least about 95%, or at least about 99% identity
to E. coli or L. lactis KARI. In some embodiments, the
reduced, disrupted, or eliminated acetolactate reductase
expression or activity substantially reduces the presence of
DHMB.

Methods for increasing dihydroxyacid dehydratase
(DHAD) activity are also provided. In some embodiments,
the methods comprise (a) providing a composition compris-
ing dihydroxyisovalerate (DHIV) and a DHAD enzyme and
(b) decreasing DHMB levels.

BRIEF DESCRIPTION OF THE FIGURES AND
INCORPORATION BY REFERENCE OF THE
TABLE FILED ELECTRONICALLY HEREWITH

The invention can be more fully understood from the fol-
lowing detailed description, the Figures, and the accompany-
ing sequence descriptions, which form part of this applica-
tion.

FIG. 1—Shows four different isobutanol biosynthetic
pathways. The steps labeled “a”, “b”, “c”, “d”, “e”, “f”, “g”,
“h” “1” “y” and “k” represent the substrate to product conver-
sions described below.

FIG. 2 depicts an alignment of the amino acid sequences of
the KARI from Pseudomonas fluorescens (“PF5”; SEQ ID
NO: 5) and KARI from Anaerostipes caccae (“K9”; SEQ ID
NO: 27). The bolded positions are targeted for mutagenesis as
described herein.

FIGS. 3A, 3B and 3C depict an alignment of the amino acid
sequences of KARI enzymes from Bifidobacterium angula-
tum DSM 20098 (“K17; SEQ ID NO: 141), Bifidobacterium
dentium ATCC 27678 (“K2”; SEQ ID NO: 143), Clostridium
beijerinckii NCIMB 8052 (“K77;, SEQ ID NO: 275), Anaero-
stipes caccae DSM 14662 (“K9”; SEQ ID NO: 27), Entero-
coccus gallinarum EG2 (“K25” SEQ ID NO: 376), Strepto-
coccus thermophilus LIVID-9 (“K26” SEQ ID NO: 121),
Lactococcus lactis subsp. cremoris MG1363 (“K29”; SEQ
1D NO: 382), Zymomonas mobilis (“S27; SEQ ID NO: 277),
and Lactococcus lactis (“LTS”; SEQ ID NO: 380). The
bolded positions are targeted for mutagenesis as described
herein.

FIG. 4 is a plasmid map of pLH556 (pHRS81-PlI5-
Pf5.KARI) vector (SEQ ID NO: 138).

FIG. 5 shows the specific rate of isobutanol production, Qp,
of the two strains, PNY1910 and PNY2242.

FIG. 6 shows the accumulation of DHIV+DHMB in the
culture supernatant during the fermentation time course with
PNY1910 (triangles) and PNY2242 (diamonds). (DHMB
and DHIV are not distinguished by the HPL.C method used.)

FIG. 7 shows the yield of glycerol, pyruvic acid, 2,3-
butanediol (BDO), DHIV/DHMB, a-ketoisovalerate (aKIV),
and isobutyric acid (iBuAc), DHIV and DHMB are shown
together as these are not distinguished by the HPL.C method
used.

FIG. 8 shows a summary of V,, /K, values for K9G9
variants as described in Example 16.
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FIGS. 9A, B, and C show isobutanol to glycerol molar
yield ratios, isobutanol molar yields, and isobutanol titers for
K09 variants as described in Example 19.

FIG. 10 shows an isobutanol biosynthetic pathway. Step
“a” represents the conversion of pyruvate to acetolactate. Step
“b” represents the conversion of acetolactate to DHIV. Step
“c” represents the conversion of DHIV to KIV. Step “d”
represents the conversion of KIV to isobutyraldehyde. Step
“e” represents the conversion of isobutyraldehyde to isobu-
tanol. Step “f” represents the conversion of acetolactate to
DHMB.

FIG. 11 shows a phylogenetic tree of YMR226C homologs
from species of ascomycete yeast. A filamentous fungi (Neu-
rospora crassa) sequence is included as an outgroup.

FIG. 12 shows a multiple sequence alignment (MSF For-
mat) of nucleotide sequences of ORFs with homology to
YMR226C. The gene names shown correspond to the acces-
sion numbers and SEQ ID NOs. given in Table 7. The align-
ment was produced by AlignX (Vector NTT).

FIG. 13 shows a graph of the molar yield of DHMB over
time.

FIG. 14 depicts the production of isobutanol and isobutyric
acid in yeast strain NYLA84.

Table Z—is a table (filed electronically herewith and incor-
porated by reference) of the Profile HMM of experimentally
verified KARI enzymes listed in Table 1 and as described in
US App. Pub. Nos. 2010/0197519 and 2009/0163376, which
are herein incorporated by reference in their entireties.

TABLE 1

Experimentally verified KARI enzymes.

SEQ
GI 1D
Number  Accession NO: Microorganism
70732562 YP_262325.1 5 Pseudomonas fluorescens Pf-5
15897495 NP__342100.1 1 Sulfolobus solfataricus P2
18313972 NP__560639.1 2 Pyrobaculum aerophilum str.
M2
76801743 YP_326751.1 7 Natronomonas pharaonis DSM
2160
16079881 NP__390707.1 8 Bacillus subtilis subsp. subtilis
str. 168
19552493 NP__600495.1 9 Corynebacterium glutamicum
ATCC 13032
6225553 032414 10 Phaeospivilum molischianum
17546794 NP_ 520196.1 3 Ralstonia solanacearum
GMI1000
56552037 YP_162876.1 11 Zymomonas mobilis subsp.
mobilis ZM4
114319705 YP_ 741388.1 12 Alkalilimnicola ehrlichei
MLHE-1
57240359 ZP__00368308.1 13 Campylobacter lari RM2100
120553816 YP_958167.1 14 Marinobacter aquaeolei VI8
71065099 YP_ 263826.1 15 Psychrobacter arcticus 273-4
83648555 YP_436990.1 16 Hahella chejuensis KCTC 2396
74318007 YP_315747.1 17 Thiobacillus denitrificans ATCC
25259
67159493 ZP_ 00420011.1 18  Azotobacter vinelandii AvOP
66044103 YP_233944.1 19  Pseudomonas syrigae pv.
syrigae B728a
28868203 NP__790822.1 20 Pseudomonas syrigae pv.
tomato str. DC3000
26991362 NP__746787.1 21  Pseudomonas putida KT2440
104783656 YP_ 610154.1 22 Pseudomonas entomophila 1A8
146306044 YP_001186509.1 23 Pseudomonas mendocina ymp
15599888 NP__253382.1 4 Pseudomonas aeruginosa PAO1
42780593 NP__977840.1 24 Bacillus cereus ATCC 10987
42781005 NP_978252.1 25 Bacillus cereus ATCC 10987
266346 Q01292 6 Spinacia oleracea

The eleven positions in the profile HMM representing the
columns in the alignment which correspond to the eleven
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10
cofactor switching positions in Pseudomonas fluorescens
Pf-5 KARI are identified as positions 24, 33, 47, 50, 52, 53,
61, 80, 115, 156, and 170. Table Z is submitted herewith
electronically and is incorporated herein by reference.

The sequences provided in the sequence listing filed here-
with (Name: 20120323_CL5367USNA_SEQLIST.txt; Size
2,003.893 bytes; Date of Creation Mar. 23, 2012), is herein
incorporated by reference.

Consistent with the World Intellectual Property Organiza-
tion (WIPO) Standard ST.25 (2009), certain primers given in
the sequence listing and herein use N to represent nucleotides
aorgorcort Kisused to represent g or t. M is used to
represent a or c.

DETAILED DESCRIPTION OF THE INVENTION

Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which this invention
belongs. In case of conflict, the present application including
the definitions will control. Also, unless otherwise required
by context, singular terms shall include pluralities and plural
terms shall include the singular. All publications, patents and
other references mentioned herein are incorporated by refer-
ence in their entireties for all purposes as if each individual
publication or patent application were specifically and indi-
vidually indicated to be incorporated by reference, unless
only specific sections of patents or patent publications are
indicated to be incorporated by reference.

Although methods and materials similar or equivalent to
those disclosed herein can be used in practice or testing of the
present invention, suitable methods and materials are dis-
closed below. The materials, methods and examples are illus-
trative only and are not intended to be limiting. Other features
and advantages of the invention will be apparent from the
detailed description and from the claims.

The last step in the biosynthesis of isobutanol via a pyru-
vate-utilizing biosynthetic pathway is the conversion of
isobutyraldehyde to isobutanol (FIG. 1). A side reaction in
this pathway is the conversion of isobutyraldehyde to isobu-
tyric acid which results in reduced amounts of isobutyralde-
hyde available to convert into isobutanol and reduced isobu-
tanol yield. For an efficient biosynthetic process, there is a
need to prevent the conversion of isobutyraldehyde to isobu-
tyric acid such that increased amounts of isobutyraldehyde
are available for conversion to isobutanol and isobutanol
yields are increased.

Aldehyde dehydrogenases are a family of enzymes that
catalyze the oxidation (dehydrogenation) of aldehydes
(Wang et al., J. Bacteriol. 180:822-30, 1998; Navarro-Avino
et al., Yeast 15:829-42, 1999; and Saint-Prix et al., Microbi-
ology 150:2209-20, 2004). There is a need to identify suitable
aldehyde dehydrogenases that can be modified to reduce or
eliminate aldehyde dehydrogenase activity, and can reduce or
eliminate the conversion of isobutyraldehyde to isobutyric
acid, such that increased amounts of isobutyraldehyde are
available for conversion to isobutanol and isobutanol yields
are increased.

Aldehyde oxidases are a family of enzymes that catalyze
the production of carboxylic acids from aldehydes (Nomura
et al., Biosci. Biotechnol. Biochem. 62:1134-7, 1998; and
Johnson et al., Genetics 151:1379-1391, 1999). There is a
need to identify suitable aldehyde oxidases that can be modi-
fied to reduce or eliminate aldehyde oxidase activity and can
reduce or eliminate the conversion of isobutyraldehyde to
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isobutyric acid, such that increased amounts of isobutyralde-
hyde are available for conversion to isobutanol and isobutanol
yields are increased.

The biosynthesis pathway for the production of butanol in
genetically engineered yeast includes the conversion of
acetolactate to 2,3-dihydroxy-3-isovalerate (DHIV), which is
subsequently converted to butanol. See FIG. 10. However, a
side reaction in this pathway, which decreases the overall
production of butanol, is the conversion of acetolactate to
2,3-dihydroxy-2-methylbutyrate (DHMB). In fact, Appli-
cants have discovered that DHMB has inhibitory effects on
enzymes (dihydroxyacid dehydratase and ketol-acid reduc-
toisomerase) in an isobutanol production pathway. For an
efficient biosynthetic process, there is a need to prevent the
conversion of acetolactate to DHMB.

Applicants have solved the stated problems by providing
recombinant yeast host cells comprising an isobutanol bio-
synthetic pathway; and at least one of: 1) reduced or elimi-
nated aldehyde dehydrogenase activity ii) reduced or elimi-
nated aldehyde oxidase activity iii) reduced or eliminated
acetolactate reductase activity; iv) a heterologous polynucle-
otide encoding a polypeptide having ketol-acid reductoi-
somerase activity; and v) a heterologous polypeptide having
ketol-acid reductoisomerase activity. Further, Applicants pro-
vide methods of producing butanol utilizing such host cells.
Such recombinant host cells can be used to increase the pro-
duction of a product of a biosynthetic pathway (e.g., isobu-
tanol, 1-butanol, or 2-butanol) and/or reduce or eliminate the
conversion of pathway intermediates to undesirable byprod-
ucts. Applicants have also provided a suitable screening strat-
egy for evaluating various candidate enzymes. The identified
enzymes can be altered to enhance the production of a product
of a biosynthetic pathway (e.g., isobutanol, 1-butanol, or
2-butanol) and/or reduce or eliminate the conversion of path-
way intermediates to undesirable byproducts.

In order to further define this invention, the following
terms, abbreviations and definitions are provided.

It will be understood that “derived from” with reference to
polypeptides disclosed herein encompasses sequences syn-
thesized based on the amino acid sequences of the KARIs
present in the indicated organisms as well as those cloned
directly from the organism’s genetic material.

As used herein, the terms “comprises,” “comprising,”
“includes,” “including,” “has,” “having,” “contains” or “con-
taining,” or any other variation thereof, will be understood to
imply the inclusion of a stated integer or group of integers but
not the exclusion of any other integer or group of integers and
are intended to be non-exclusive or open-ended. For example,
acomposition, amixture, a process, a method, an article, oran
apparatus that comprises a list of elements is not necessarily
limited to only those elements but can include other elements
no expressly listed or inherent to such composition, mixture,
process, method, article, or apparatus. Further, unless
expressly stated to the contrary, “or” refers to an inclusive or
and not to an exclusive or. For example, a condition A or B is
satisfied by any one of the following: A is true (or present) and
B is false (or not present), A is false (or not present) and B is
true (or present), and both A and B are true (or present).

Asused herein, the term “consists of,” or variations such as
“consist of” or “consisting of,” as used throughout the speci-
fication and claims, indicate the inclusion of any recited inte-
ger or group of integers, but that no additional integer or
group of integers can be added to the specified method, struc-
ture, or composition.

As used herein, the term “consists essentially of,” or varia-
tions such as “consist essentially of” or “consisting essen-
tially of)” as used throughout the specification and claims,

29 <

10

15

20

25

30

35

40

45

50

55

60

65

12

indicate the inclusion of any recited integer or group of inte-
gers, and the optional inclusion of any recited integer or group
of integers that do not materially change the basic or novel
properties of the specified method, structure or composition.
See M.PE.P. §2111.03.

Also, the indefinite articles “a” and an preceding an ele-
ment or component of the invention are intended to be non-
restrictive regarding the number of instances, i.e., occur-
rences of the element or component. Therefore “a” or an
should be read to include one or at least one, and the singular
word form of the element or component also includes the
plural unless the number is obviously meant to be singular.

The term “invention” or “present invention” as used herein
is a non-limiting term and is not intended to refer to any single
embodiment of the particular invention but encompasses all
possible embodiments as described in the claims as presented
or as later amended and supplemented, or in the specification.

As used herein, the term “about” modifying the quantity of
an ingredient or reactant of the invention employed refers to
variation in the numerical quantity that can occur, for
example, through typical measuring and liquid handling pro-
cedures used for making concentrates or solutions in the real
world; through inadvertent error in these procedures; through
differences in the manufacture, source, or purity of the ingre-
dients employed to make the compositions or to carry out the
methods; and the like. The term “about” also encompasses
amounts that differ due to different equilibrium conditions for
a composition resulting from a particular initial mixture.
Whether or not modified by the term “about”, the claims
include equivalents to the quantities. In one embodiment, the
term “about” means within 10% of the reported numerical
value, or within 5% of the reported numerical value.

As used herein, “synergistic” refers to a greater-than-addi-
tive effect produced by a combination (i.e., an effect that is
greater than the sum of individual effects) or an additive effect
when the individual effects are not expected to be additive.
The term also refers to the addition of one compound which
results in less of another compound being required.

The term “butanol biosynthetic pathway” as used herein
refers to the enzymatic pathway to produce 1-butanol, 2-bu-
tanol, or isobutanol. For example, isobutanol biosynthetic
pathways are disclosed in U.S. Patent Application Publica-
tion No. 2007/0092957, which is incorporated by reference
herein.

The term “isobutanol biosynthetic pathway” refers to the
enzymatic pathway to produce isobutanol. Certain isobutanol
biosynthetic pathways are illustrated in FIG. 1 and described
herein. From time to time “isobutanol biosynthetic pathway”
is used synonymously with “isobutanol production pathway”.

The term “butanol” as used herein refers to 2-butanol,
1-butanol, isobutanol or mixtures thereof. Isobutanol is also
known as 2-methyl-1-propanol.

A recombinant host cell comprising an “engineered alco-
hol production pathway” (such as an engineered butanol or
isobutanol production pathway) refers to a host cell contain-
ing a modified pathway that produces alcohol in a manner
different than that normally present in the host cell. Such
differences include production of an alcohol not typically
produced by the host cell, or increased or more efficient
production.

The term “heterologous biosynthetic pathway” as used
herein refers to an enzyme pathway to produce a product in
which at least one of the enzymes is not endogenous to the
host cell containing the biosynthetic pathway.

The term “extractant™ as used herein refers to one or more
organic solvents which can be used to extract butanol from a
fermentation broth.
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The term “effective isobutanol productivity” as used herein
refers to the total amount in grams of isobutanol produced per
gram of cells.

The term “effective titer”” as used herein, refers to the total
amount of a particular alcohol (e.g. butanol) produced by
fermentation per liter of fermentation medium. The total
amount of butanol includes: (i) the amount of butanol in the
fermentation medium,; (ii) the amount of butanol recovered
from the organic extractant; and (iii) the amount of butanol
recovered from the gas phase, if gas stripping is used.

The term “effective rate” as used herein, refers to the total
amount of butanol produced by fermentation per liter of fer-
mentation medium per hour of fermentation.

The term “effective yield” as used herein, refers to the
amount of butanol produced per unit of fermentable carbon
substrate consumed by the biocatalyst.

The term “separation” as used herein is synonymous with
“recovery” and refers to removing a chemical compound
from an initial mixture to obtain the compound in greater
purity or at a higher concentration than the purity or concen-
tration of the compound in the initial mixture.

The term “aqueous phase,” as used herein, refers to the
aqueous phase of a biphasic mixture obtained by contacting a
fermentation broth with a water-immiscible organic extract-
ant. In an embodiment of a process described herein that
includes fermentative extraction, the term ‘“fermentation
broth” then specifically refers to the aqueous phase in bipha-
sic fermentative extraction.

The term “organic phase,” as used herein, refers to the
non-aqueous phase of a biphasic mixture obtained by con-
tacting a fermentation broth with a water-immiscible organic
extractant.

The terms “PDC-.” “PDC knockout,” or “PDC-KO” as
used herein refer to a cell that has a genetic modification to
inactivate or reduce expression of a gene encoding pyruvate
decarboxylase (PDC) so that the cell substantially or com-
pletely lacks pyruvate decarboxylase enzyme activity. If the
cell has more than one expressed (active) PDC gene, then
each of the active PDC genes can be inactivated or have
minimal expression thereby producing a PDC-cell.

The term “polynucleotide” is intended to encompass a
singular nucleic acid as well as plural nucleic acids, and refers
to a nucleic acid molecule or construct, e.g., messenger RNA
(mRNA) or plasmid DNA (pDNA). A polynucleotide can
contain the nucleotide sequence of the full-length cDNA
sequence, or a fragment thereof, including the untranslated 5°
and 3' sequences and the coding sequences. The polynucle-
otide can be composed of any polyribonucleotide or
polydeoxyribonucleotide, which can be unmodified RNA or
DNA or modified RNA or DNA. For example, polynucle-
otides can be composed of single- and double-stranded DNA,
DNA that is a mixture of single- and double-stranded regions,
single- and double-stranded RNA, and RNA that is mixture of
single- and double-stranded regions, hybrid molecules com-
prising DNA and RNA that can be single-stranded or, more
typically, double-stranded or a mixture of single- and double-
stranded regions. “Polynucleotide” embraces chemically,
enzymatically, or metabolically modified forms.

A polynucleotide sequence can be referred to as “isolated,”
in which it has been removed from its native environment. For
example, a heterologous polynucleotide encoding a polypep-
tide or polypeptide fragment having dihydroxy-acid dehy-
dratase activity contained in a vector is considered isolated
for the purposes of the present invention. Further examples of
an isolated polynucleotide include recombinant polynucle-
otides maintained in heterologous host cells or purified (par-
tially or substantially) polynucleotides in solution. Isolated
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polynucleotides or nucleic acids according to the present
invention further include such molecules produced syntheti-
cally. An isolated polynucleotide fragment in the form of a
polymer of DNA can be comprised of one or more segments
of cDNA, genomic DNA or synthetic DNA.

The term “NAD(P)H consumption assay” refers to an
enzyme assay for the determination of the specific activity of
the KARI enzyme, involving measuring the disappearance of
the KARI cofactor, NAD(P)H, from the enzyme reaction.
Such assays are described in Aulabaugh and Schloss, Bio-
chemistry 29: 2824-2830, 1990, which is herein incorporated
by reference in its entirety.

The term “NAD(P)H” refers to either NADH or NADPH.

“KARI” is the abbreviation for the enzyme ketol-acid
reductoisomerase.

The term “close proximity” when referring to the position
of various amino acid residues of a KARI enzyme with
respectto the adenosyl 2'-phosphate of NADPH means amino
acids in the three-dimensional model for the structure of the
enzyme that are within about 4.5 A of the phosphorus atom of
the adenosyl 2'-phosphate of NADPH bound to the enzyme.

The term “ketol-acid reductoisomerase” (abbreviated
“KARI”), and “acetohydroxy acid isomeroreductase” will be
used interchangeably and refer to enzymes capable of cata-
lyzing the reaction of (S)-acetolactate to 2,3-dihydroxyisov-
alerate, classified as EC number EC 1.1.1.86 (Enzyme
Nomenclature 1992, Academic Press, San Diego). As used
herein the term “Class 1 ketol-acid reductoisomerase
enzyme” means the short form that typically has between 330
and 340 amino acid residues, and is distinct from the long
form, called class II, that typically has approximately 490
residues. These enzymes are available from a number of
sources, including, but not limited to E. coli (amino acid SEQ
ID NO: 942; GenBank Accession Number NC_000913
REGION: 3955993.3957468), Vibrio cholerae (GenBank
Accession Number NC_002505 REGION: 157441.158925),
Pseudomonas aeruginosa, (GenBank Accession Number
NC_002516, REGION: 5272455.5273471), and Pseudomo-
nas fluorescens (amino acid SEQ ID NO: 943; GenBank
Accession Number NC_004129 REGION:
6017379.6018395). KARI enzymes are described for
example, in U.S. Pat. Nos. 7,910,342 and 8,129,162 and U.S.
Pub. App. No. 2010/0197519, all of which are herein incor-
porated by reference in their entireties.

KARI is found in a variety of organisms and amino acid
sequence comparisons across species have revealed that there
are 2 types of this enzyme: a short form (class I) found in fungi
and most bacteria, and a long form (class II) typical of plants,
Class I KARIs typically have between 330-340 amino acid
residues. The long form KARI enzymes have about 490
amino acid residues. However, some bacteria such as
Escherichia coil possess a long form, where the amino acid
sequence differs appreciably from that found in plants. KARI
is encoded by the ilvC gene and is an essential enzyme for
growth of E. coli and other bacteria in a minimal medium.
Class II KARIs generally consist of a 225-residue N-terminal
domain and a 287-residue C-terminal domain. The N-termi-
nal domain, which contains the NADPH-binding site, has an
afstructure and resembles domains found in other pyridine
nucleotide-dependent  oxidoreductases. The C-terminal
domain consists almost entirely of a-helices.

Ketol-acid reductoisomerase (KARI) enzymes are useful
in pathways for the production of isobutanol using engineered
microorganisms (U.S. Pat. Nos. 7,851,188 and 7,993,889,
incorporated by reference herein).

A KARI that can utilize NADH can capitalize on the
NADH produced by the existing glycolytic and other meta-
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bolic pathways in most commonly used microbial cells and
can result in improved isobutanol production. Rane et al.
(Arch. Biochem. Biophys., 338: 83-89, 1997) discusses
cofactor switching of a ketol acid reductoisomerase isolated
from E. coli. US Appl. Pub. Nos. 2009/0163376 and 2010/
0197519 (each of which is herein incorporated by reference it
its entirety) describe the generation of KARI enzymes which
can use NADH. US Appl. Pub. No. 2010/0143997 (which is
herein incorporated by reference in its entirety) describes E.
coli variants with improved K, values for NADH.

The terms “ketol-acid reductoisomerase activity” and
“KARI activity” refer to the ability to catalyze the substrate to
product conversion (S)-acetolactate to 2,3-dihydroxyisoval-
erate.

The term “acetolactate synthase” refers to an enzyme that
catalyzes the conversion of pyruvate to acetolactate and CO,.
Acetolactate has two stereoisomers ((R) and (S)); the enzyme
prefers the (S)-isomer, which is made by biological systems.
Certain acetolactate synthases are known by the EC number
2.2.1.6 (Enzyme Nomenclature 1992, Academic Press, San
Diego). These enzymes are available from a number of
sources, including, but not limited to, Bacillus subtilis (Gen-
Bank Nos: CAB15618, 799122, NCBI (National Center for
Biotechnology Information) amino acid sequence, NCBI
nucleotide sequence, respectively), Klebsiella pneumoniae
(Gen Bank Nos: AAA25079, M73842 and Lactococcus lactis
(GenBank Nos: AAA25161, L16975).

The term “acetohydroxy acid dehydratase” refers to an
enzyme that catalyzes the conversion of 2,3-dihydroxyisov-
alerate to a-ketoisovalerate. Certain acetohydroxy acid dehy-
dratases are known by the EC number 4.2.1.9. These enzymes
are available from a vast array of microorganisms, including,
but not limited to, E£. coli (GenBank Nos: YP_026248,
NC_000913, S. cerevisiae (GenBank Nos: NP_012550,
NC_001142), M. maripaludis (GenBank Nos: CAF29874,
BX957219), B. subtilis (GenBank Nos: CABI14105,
799115), Lactococcus lactis (SEQ ID NO: 926), and Strep-
tococcus mutans (SEQ 1D NO: 939).

The term “branched-chain a-keto acid decarboxylase”
refers to an enzyme that catalyzes the conversion of c-ketois-
ovalerate to isobutyraldehyde and CO,. Certain branched-
chain a-keto acid decarboxylases are known by the EC num-
ber 4.1.1.72 and are available from a number of sources,
including, but not limited to, Lactococcus lactis (GenBank
Nos: AAS49166, AY 548760, CAG34226, AJ746364, Salmo-
nella  typhimurium  (GenBank Nos:  NP-461346,
NC-003197), Clostridium acetobutylicum (GenBank Nos:
NP-149189, NC-001988), Macrococcus caseolyticus (SEQ
1D NO: 940), and Listeria grayi (SEQ ID NO: 941).

The term “branched-chain alcohol dehydrogenase” refers
to an enzyme that catalyzes the conversion of isobutyralde-
hyde to isobutanol. Certain branched-chain alcohol dehydro-
genases are known by the EC number 1.1.1.265, but can also
be classified under other alcohol dehydrogenases (specifi-
cally, EC 1.1.1.1 or 1.1.1.2). These enzymes utilize NADH
(reduced nicotinamide adenine dinucleotide) and/or NADPH
as electron donor and are available from a number of sources,
including, but not limited to, S. cerevisiae (GenBank Nos:
NP_010656, NC_001136; NP_014051, NC_001145), E. coli
(GenBank No: NP_417484), C. acetobutylicum (GenBank
Nos: NP_349892, NC_003030), aindica (amino acid SEQ ID
NO: 945), A. xylosoxidans (amino acid SEQ ID NO: 944).

The term “branched-chain keto acid dehydrogenase” refers
to an enzyme that catalyzes the conversion of a-ketoisoval-
erate to isobutyryl-CoA (isobutyryl-cofactor A), using NAD*
(nicotinamide adenine dinucleotide) as electron acceptor.
Certain branched-chain keto acid dehydrogenases are known
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by the EC number 1.2.4.4. These branched-chain keto acid
dehydrogenases comprise four subunits, and sequences from
all subunits are available from a vast array of microorganisms,
including, but not limited to, B. subtilis (GenBank Nos:
CABI14336, 799116; CABI14335, 799116; CAB14334,
799116; and CAB14337, 799116) and Pseudomonas putida
(GenBank Nos: AAA65614, M57613; AAA65615, M57613;
AAA65617, M57613; and AAA65618, M57613).

As used herein, “aldehyde dehydrogenase activity” refers
to any polypeptide having a biological function of an alde-
hyde dehydrogenase, including the examples provided
herein. Such polypeptides include a polypeptide that cata-
lyzes the oxidation (dehydrogenation) of aldehydes. Such
polypeptides include a polypeptide that catalyzes the conver-
sion of isobutyraldehyde to isobutyric acid. Such polypep-
tides also include a polypeptide that corresponds to Enzyme
Commission Numbers EC 1.2.1.3, EC1.2.1.4orEC 1.2.1.5.
Such polypeptides can be determined by methods well known
in the art and disclosed herein.

As used herein, “aldehyde oxidase activity” refers to any
polypeptide having a biological function of an aldehyde oxi-
dase, including the examples provided herein. Such polypep-
tides include a polypeptide that catalyzes carboxylic acids
from aldehydes. Such polypeptides include a polypeptide that
catalyzes the conversion of isobutyraldehyde to isobutyric
acid. Such polypeptides also include a polypeptide that cor-
responds to Enzyme Commission Number EC 1.2.3.1. Such
polypeptides can be determined by methods well known in
the art and disclosed herein.

Asused herein, “pyruvate decarboxylase activity” refers to
the activity of any polypeptide having a biological function of
a pyruvate decarboxylase enzyme, including the examples
provided herein. Such polypeptides include a polypeptide
that catalyzes the conversion of pyruvate to acetaldehyde.
Such polypeptides also include a polypeptide that corre-
sponds to Enzyme Commission Number 4.1.1.1. Such
polypeptides can be determined by methods well known in
the art and disclosed herein. A polypeptide having pyruvate
decarboxylate activity can be, by way of example, PDC1,
PDCS, PDC6, or any combination thereof.

As used herein, “acetolactate reductase activity” refers to
the activity of any polypeptide having the ability to catalyze
the conversion of acetolactate to DHMB. Such polypeptides
can be determined by methods well known in the art and
disclosed herein.

As used herein, “DHMB?” refers to 2,3-dihydroxy-2-me-
thyl butyrate. DHMB includes “fast DHMB,” which has the
28, 3S configuration, and “slow DHMB,” which has the 2S,
3R configurate. See Kaneko et al., Phytochemistry 39: 115-
120 (1995), which is herein incorporated by reference in is
entirety and refers to fast DHMB as angliceric acid and slow
DHMB as tigliceric acid.

Asusedherein, “reduced activity” refers to any measurable
decrease in a known biological activity of'a polypeptide when
compared to the same biological activity of the polypeptide
prior to the change resulting in the reduced activity. Such a
change can include a modification of a polypeptide or a poly-
nucleotide encoding a polypeptide as described herein. A
reduced activity of a polypeptide disclosed herein can be
determined by methods well known in the art and disclosed
herein.

Asused herein, “eliminated activity” refers to the complete
abolishment of a known biological activity of a polypeptide
when compared to the same biological activity of the
polypeptide prior to the change resulting in the eliminated
activity. Such a change can include a modification of a
polypeptide or a polynucleotide encoding a polypeptide as
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described herein. An eliminated activity includes a biological
activity of a polypeptide that is not measurable when com-
pared to the same biological activity of the polypeptide prior
to the change resulting in the eliminated activity. An elimi-
nated activity of a polypeptide disclosed herein can be deter-
mined by methods well known in the art and disclosed herein.

The term “carbon substrate” or “fermentable carbon sub-
strate” refers to a carbon source capable of being metabolized
by host organisms of the present invention and particularly
carbon sources seclected from the group consisting of
monosaccharides, oligosaccharides, polysaccharides, and
one-carbon substrates or mixtures thereof. Non-limiting
examples of carbon substrates are provided herein and
include, but are not limited to, monosaccharides, oligosac-
charides, polysaccharides, ethanol, lactate, succinate, glyc-
erol, carbon dioxide, methanol, glucose, fructose, sucrose,
xylose, arabinose, dextrose, or mixtures thereof. Other car-
bon substrates can include ethanol, lactate, succinate, or glyc-
erol.

“Fermentation broth” as used herein means the mixture of
water, sugars (fermentable carbon sources), dissolved solids
(if present), microorganisms producing alcohol, product
alcohol and all other constituents of the material held in the
fermentation vessel in which product alcohol is being made
by the reaction of sugars to alcohol, water and carbon dioxide
(CO,) by the microorganisms present. From time to time, as
used herein the term “fermentation medium” and “fermented
mixture” can be used synonymously with “fermentation
broth”.

“Biomass” as used herein refers to a natural product con-
taining a hydrolysable starch that provides a fermentable
sugar, including any cellulosic or lignocellulosic material and
materials comprising cellulose, and optionally further com-
prising hemicellulose, lignin, starch, oligosaccharides, disac-
charides, and/or monosaccharides. Biomass can also com-
prise additional components, such as protein and/or lipids.
Biomass can be derived from a single source, or biomass can
comprise a mixture derived from more than one source. For
example, biomass can comprise a mixture of corn cobs and
corn stover, or a mixture of grass and leaves. Biomass
includes, but is not limited to, bioenergy crops, agricultural
residues, municipal solid waste, industrial solid waste, sludge
from paper manufacture, yard waste, wood, and forestry
waste. Examples of biomass include, but are not limited to,
corn grain, corn cobs, crop residues such as corn husks, corn
stover, grasses, wheat, rye, wheat straw, barley, barley straw,
hay, rice straw, switchgrass, waste paper, sugar cane bagasse,
sorghum, soy, components obtained from milling of grains,
trees, branches, roots, leaves, wood chips, sawdust, shrubs
and bushes, vegetables, fruits, flowers, animal manure, and
mixtures thereof.

“Feedstock™ as used herein means a product containing a
fermentable carbon source. Suitable feedstock include, but
are not limited to, rye, wheat, corn, sugar cane, and mixtures
thereof.

The term “aerobic conditions” as used herein means
growth conditions in the presence of oxygen.

The term “microaerobic conditions” as used herein means
growth conditions with low levels of oxygen (i.e., below
normal atmospheric oxygen levels).

The term “anaerobic conditions” as used herein means
growth conditions in the absence of oxygen.

The term “specific activity” as used herein is defined as the
units of activity in a given amount of protein. Thus, the
specific activity is not directly measured but is calculated by
dividing 1) the activity in units/ml of the enzyme sample by 2)
the concentration of protein in that sample, so the specific
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activity is expressed as units/mg, where an enzyme unit is
defined as moles of product formed/minute. The specific
activity of a sample of pure, fully active enzyme is a charac-
teristic of that enzyme. The specific activity of a sample of a
mixture of proteins is a measure of the relative fraction of
protein in that sample that is composed of the active enzyme
of interest.

Theterms “k_,,” and “K,/” are known to those skilled in the
art and are described in Enzyme Structure and Mechanism,
2"? ed. (Ferst; W.H. Freeman Press, NY, 1985; pp 98-120),
K, the Michaelis constant, is the concentration of substrate
that leads to half-maximal velocity. The term “k_,,”, often
called the “turnover number”, is defined as the maximum
number of substrate molecules converted to products per
active site per unit time, or the number of times the enzyme
turns over per unit time. k_, =V, /[E], where [E] is the
enzyme concentration (Ferst, supra). The terms “total turn-
over” and “total turnover number” are used herein to refer to
the amount of product formed by the reaction of a KARI
enzyme with substrate.

The term “catalytic efficiency” is defined as the k /K, ,of
an enzyme. Catalytic efficiency is used to quantify the speci-
ficity of an enzyme for a substrate.

The term “isolated nucleic acid molecule”, “isolated
nucleic acid fragment” and “genetic construct” will be used
interchangeably and will mean a polymer of RNA or DNA
that is single- or double-stranded, optionally containing syn-
thetic, non-natural or altered nucleotide bases. An isolated
nucleic acid fragment in the form of a polymer of DNA can be
comprised of one or more segments of cDNA, genomic DNA
or synthetic DNA.

The term “amino acid” refers to the basic chemical struc-
tural unit of a protein or polypeptide. The following abbre-
viations are used herein to identify specific amino acids:

Three-Letter One-Letter

Amino Acid Abbreviation Abbreviation
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamine Gln Q
Glutamic acid Glu E
Glycine Gly G
Histidine His H
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp w
Tyrosine Tyr Y
Valine Val \'

The term “gene” refers to a nucleic acid fragment that is
capable of being expressed as a specific protein, optionally
including regulatory sequences preceding (5' non-coding
sequences) and following (3' non-coding sequences) the cod-
ing sequence. “Native gene” refers to a gene as found in
nature with its own regulatory sequences. “Chimeric gene”
refers to any gene that is not a native gene, comprising regu-
latory and coding sequences that are not found together in
nature. Accordingly, a chimeric gene can comprise regulatory
sequences and coding sequences that are derived from differ-
ent sources, or regulatory sequences and coding sequences
derived from the same source, but arranged in a manner
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different than that found in nature. “Endogenous gene” refers
to a native gene in its natural location in the genome of a
microorganism. A “foreign” gene refers to a gene not nor-
mally found in the host microorganism, but that is introduced
into the host microorganism by gene transfer. Foreign genes
can comprise native genes inserted into a non-native micro-
organism, or chimeric genes. A “transgene” is a gene that has
been introduced into the genome by a transformation proce-
dure.

As used herein, “native” refers to the form of a polynucle-
otide, gene, or polypeptide as found in nature with its own
regulatory sequences, if present.

As used herein the term “coding sequence” or “coding
region” refers to a DNA sequence that encodes for a specific
amino acid sequence. “Suitable regulatory sequences” refer
to nucleotide sequences located upstream (5' non-coding
sequences), within, or downstream (3' non-coding sequences)
of'a coding sequence, and which influence the transcription,
RNA processing or stability, or translation of the associated
coding sequence. Regulatory sequences can include promot-
ers, translation leader sequences, introns, polyadenylation
recognition sequences, RNA processing sites, effector bind-
ing sites and stem-loop structures.

As used herein, “endogenous” refers to the native form of
apolynucleotide, gene or polypeptide in its natural location in
the organism or in the genome of an organism. “Endogenous
polynucleotide” includes a native polynucleotide in its natu-
ral location in the genome of an organism. “Endogenous
gene” includes a native gene in its natural location in the
genome of an organism. “Endogenous polypeptide” includes
a native polypeptide in its natural location in the organism
transcribed and translated from a native polynucleotide or
gene in its natural location in the genome of an organism.

The term “heterologous” when used in reference to a poly-
nucleotide, a gene, or a polypeptide refers to a polynucle-
otide, gene, or polypeptide not normally found in the host
organism. “Heterologous™ also includes a native coding
region, or portion thereof, that is reintroduced into the source
organism in a form that is different from the corresponding
native gene, e.g., not in its natural location in the organism’s
genome. The heterologous polynucleotide or gene can be
introduced into the host organism by, e.g., gene transfer. A
heterologous gene can include a native coding region with
non-native regulatory regions that is reintroduced into the
native host. For example, a heterologous gene can include a
native coding region that is a portion of a chimeric gene
including non-native regulatory regions that is reintroduced
into the native host. “Heterologous polypeptide” includes a
native polypeptide that is reintroduced into the source organ-
ism in a form that is different from the corresponding native
polypeptide.

A “transgene” is a gene that has been introduced into the
genome by a transformation procedure.

As used herein, the term “modification” refers to a change
in a polynucleotide disclosed herein that results in reduced or
eliminated activity of a polypeptide encoded by the poly-
nucleotide, as well as a change in a polypeptide disclosed
herein that results in reduced or eliminated activity of the
polypeptide. Such changes can be made by methods well
known in the art, including, but not limited to, deleting,
mutating (e.g., spontaneous mutagenesis, random mutagen-
esis, mutagenesis caused by mutator genes, or transposon
mutagenesis), substituting, inserting, down-regulating, alter-
ing the cellular location, altering the state of the polynucle-
otide or polypeptide (e.g., methylation, phosphorylation or
ubiquitination), removing a cofactor, introduction of an anti-
sense RNA/DNA, introduction of an interfering RNA/DNA,
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chemical modification, covalent modification, irradiation
with UV or X-rays, homologous recombination, mitotic
recombination, promoter replacement methods, and/or com-
binations thereof. Guidance in determining which nucle-
otides or amino acid residues can be modified, can be found
by comparing the sequence of the particular polynucleotide
or polypeptide with that of homologous polynucleotides or
polypeptides, e.g., yeast or bacterial, and maximizing the
number of modifications made in regions of high homology
(conserved regions) or consensus sequences.

The term “recombinant genetic expression element” refers
to a nucleic acid fragment that expresses one or more specific
proteins, including regulatory sequences preceding (5' non-
coding sequences) and following (3' termination sequences)
coding sequences for the proteins. A chimeric gene is a
recombinant genetic expression element. The coding regions
of an operon can form a recombinant genetic expression
element, along with an operably linked promoter and termi-
nation region.

“Regulatory sequences” refers to nucleotide sequences
located upstream (5' non-coding sequences), within, or down-
stream (3' non-coding sequences) of a coding sequence, and
which influence the transcription, RNA processing or stabil-
ity, or translation of the associated coding sequence. Regula-
tory sequences can include promoters, enhancers, operators,
repressors, transcription termination signals, translation
leader sequences, introns, polyadenylation recognition
sequences, RNA processing site, effector binding site and
stem-loop structure.

The term “promoter” refers to a nucleic acid sequence
capable of controlling the expression of a coding sequence or
functional RNA. In general, a coding sequence is located 3' to
a promoter sequence. Promoters can be derived in their
entirety from a native gene, or be composed of different
elements derived from different promoters found in nature, or
even comprise synthetic nucleic acid segments. It is under-
stood by those skilled in the art that different promoters can
direct the expression of a gene in different tissues or cell
types, or at different stages of development, or in response to
different environmental or physiological conditions. Promot-
ers which cause a gene to be expressed in most cell types at
most times are commonly referred to as “constitutive promot-
ers”. “Inducible promoters,” on the other hand, cause a gene
to be expressed when the promoter is induced or turned on by
a promoter-specific signal or molecule. It is further recog-
nized that since in most cases the exact boundaries of regu-
latory sequences have not been completely defined, DNA
fragments of different lengths can have identical promoter
activity. For example, it will be understood that “FBA1 pro-
moter” can be used to refer to a fragment derived from the
promoter region of the FBA1 gene.

The term “terminator” as used herein refers to DNA
sequences located downstream of a coding sequence. This
includes polyadenylation recognition sequences and other
sequences encoding regulatory signals capable of affecting
mRNA processing or gene expression. The polyadenylation
signal is usually characterized by affecting the addition of
polyadenylic acid tracts to the 3' end of the mRNA precursor.
The 3' region can influence the transcription, RNA processing
or stability, or translation of the associated coding sequence.
It is recognized that since in most cases the exact boundaries
of regulatory sequences have not been completely defined,
DNA fragments of different lengths can have identical termi-
nator activity. For example, it will be understood that “CYC1
terminator” can be used to refer to a fragment derived from
the terminator region of the CYC1 gene.
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The term “operably linked” refers to the association of
nucleic acid sequences on a single nucleic acid fragment so
that the function of one is affected by the other. For example,
apromoter is operably linked with a coding sequence when it
is capable of effecting the expression of that coding sequence
(i.e., that the coding sequence is under the transcriptional
control of the promoter). Coding sequences can be operably
linked to regulatory sequences in sense or antisense orienta-
tion.

The term “expression”, as used herein, refers to the tran-
scription and stable accumulation of sense (mRNA) or anti-
sense RNA derived from the nucleic acid fragment of the
invention. Expression can also refer to translation of mRNA
into a polypeptide.

The term “overexpression,” as used herein, refers to
expression that is higher than endogenous expression of the
same or related gene. A heterologous gene is overexpressed if
its expression is higher than that of a comparable endogenous
gene. The term overexpression refers to an increase in the
level of nucleic acid or protein in a host cell. Thus, overex-
pression can result from increasing the level of transcription
or translation of an endogenous sequence in a host cell or can
result from the introduction of a heterologous sequence into a
host cell. Overexpression can also result from increasing the
stability of a nucleic acid or protein sequence.

As used herein the term “transformation” refers to the
transfer of a nucleic acid fragment into the genome of a host
microorganism, resulting in genetically stable inheritance.
Host microorganisms containing the transformed nucleic
acid fragments are referred to as “transgenic” or “recombi-
nant” or “transformed” microorganisms.

The terms “plasmid”, “vector” and “cassette” refer to an
extra chromosomal element often carrying genes which are
not part of the central metabolism of the cell, and usually in
the form of circular double-stranded DNA fragments. Such
elements can be autonomously replicating sequences,
genome integrating sequences, phage or nucleotide
sequences, linear or circular, of a single- or double-stranded
DNA or RNA, derived from any source, in which a number of
nucleotide sequences have been joined or recombined into a
unique construction which is capable of introducing a pro-
moter fragment and DNA sequence for a selected gene prod-
uct along with appropriate 3' untranslated sequence into a
cell. “Transformation cassette” refers to a specific vector
containing a foreign gene and having elements in addition to
the foreign gene that facilitates transformation of a particular
host cell. “Expression cassette” refers to a specific vector
containing a foreign gene and having elements in addition to
the foreign gene that allow for enhanced expression of that
gene in a foreign host.

The term “site-saturation library” refers to a library which
contains random substitutions at a specific amino acid posi-
tion with up to and including all 20 possible amino acids at
once.

The term “error-prone PCR” refers to adding random copy-
ing errors by imposing imperfect or ‘sloppy’ PCR reaction
conditions which generate randomized libraries of mutations
in a specific nucleotide sequence.

As used herein the term “codon degeneracy” refers to the
nature in the genetic code permitting variation of the nucle-
otide sequence without affecting the amino acid sequence of
an encoded polypeptide. The skilled artisan is well aware of
the “codon-bias” exhibited by a specific host cell in usage of
nucleotide codons to specify a given amino acid. Therefore,
when synthesizing a gene for improved expression in a host
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cell, it is desirable to design the gene such that its frequency
of codon usage approaches the frequency of preferred codon
usage of the host cell.

The term “codon-optimized” as it refers to genes or coding
regions of nucleic acid molecules for transformation of vari-
ous hosts, refers to the alteration of codons in the gene or
coding regions of the nucleic acid molecules to reflect the
typical codon usage of the host organism without altering the
polypeptide encoded by the DNA. Such optimization
includes replacing at least one, or more than one, or a signifi-
cant number, of codons with one or more codons that are more
frequently used in the genes of that organism.

Deviations in the nucleotide sequence that comprise the
codons encoding the amino acids of any polypeptide chain
allow for variations in the sequence coding for the gene. Since
each codon consists of three nucleotides, and the nucleotides
comprising DNA are restricted to four specific bases, there
are 64 possible combinations of nucleotides, 61 of which
encode amino acids (the remaining three codons encode sig-
nals ending translation). The “genetic code” which shows
which codons encode which amino acids is reproduced herein
as Table 2A. As a result, many amino acids are designated by
more than one codon. For example, the amino acids alanine
and proline are coded for by four triplets, serine and arginine
by six, whereas tryptophan and methionine are coded by just
one triplet. This degeneracy allows for DNA base composi-
tion to vary over a wide range without altering the amino acid
sequence of the proteins encoded by the DNA.

TABLE 2A
The Standard Genetic Code
T o A G
T TTT Phe(F) TCT Ser(S) TAT Tyr(Y) TGT Cys(C)
TTC " TCC " TAC " TGC
TTA Leu(L) TCA " TAA Stop TGA Stop
TTG " TCG " TAG Stop TGG Trp (W)
o CTT Leu(L) CCT Pro(P) CAT His(H) CGT Arg(R)
cTC " cee " CAC " cGe "
cTa " cea " CAA Gln(Q) cCGa "
CTG " cee " GAG " cGG "
A ATT Ile(I) ACT Thr(T) AAT Asn(N) AGT Ser(S)
ATC " ACC " AAC " AGC "
ATA " ACA " AAA Lys(K) AGA Arg(R)
ATG Met (M) ACG " ARG " AGG "
G GTT Val(V) GCT Ala(a) GAT Asp(D) GGT Gly(G)
GTC " Gece " GAC " GGC "
GTA " GCA " GAA Glu(E) GGa "
GTG " GCG " GAG " GGG "

Many organisms display a bias for use of particular codons
to code for insertion of a particular amino acid in a growing
peptide chain. Codon preference, or codon bias, differences
in codon usage between organisms, is afforded by degeneracy
of the genetic code, and is well documented among many
organisms. Codon bias often correlates with the efficiency of
translation of messenger RNA (mRNA), which is in turn
believed to be dependent on, inter alia, the properties of the
codons being translated and the availability of particular
transfer RNA (tRNA) molecules. The predominance of
selected tRNAs in a cell is generally a reflection of the codons
used most frequently in peptide synthesis. Accordingly, genes
can be tailored for optimal gene expression in a given organ-
ism based on codon optimization.

Given the large number of gene sequences available for a
wide variety of animal, plant and microbial species, it is
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possible to calculate the relative frequencies of codon usage.
Codon usage tables are readily available, for example, at the
“Codon Usage Database” available at www.kazusa.or.jp/
codon/ (visited Mar. 20, 2008), and these tables can be
adapted in a number of ways. See Nakamura, Y., et al. Nucl.
Acids Res. 28:292 (2000). Codon usage tables for yeast, cal-
culated from GenBank Release 128.0 [15 Feb. 2002], are
reproduced below as Table 2B. This table uses mRNA
nomenclature, and so instead of thymine (T) which is found in
DNA, the tables use uracil (U) which is found in RNA. Table
2B has been adapted so that frequencies are calculated for
each amino acid, rather than for all 64 codons.

TABLE 2B

Codon Ugage Table for Saccharomyceg cerevigiae

Frequency per

Amino Acid Codon Number thousand
Phe uuu 170666 26.1
Phe uuc 120510 18.4
Leu uua 170884 26.2
Leu uuG 177573 27.2
Leu cuu 80076 12.3
Leu cuc 35545 5.4
Leu cuAa 87619 13.4
Leu cuG 68494 10.5
Ile AUU 196893 30.1
Ile AUC 112176 17.2
Ile AUA 116254 17.8
Met AUG 136805 20.9
Val GUU 144243 22.1
Val GuUcC 76947 11.8
Val GUA 76927 11.8
Val GUG 70337 10.8
Ser ucu 153557 23.5
Ser uce 92823 14.2
Ser uca 122028 18.7
Ser ucaG 55951 8.6
Ser AGU 92466 14.2
Ser AGC 63726 9.8
Pro CCU 88263 13.5
Pro ccce 44309 6.8
Pro CCcA 119641 18.3
Pro CCG 34597 5.3
Thr ACU 132522 20.3
Thr ACC 83207 12.7
Thr ACA 116084 17.8
Thr ACG 52045 8.0
Ala GCU 138358 21.2
Ala GCC 82357 12.6
Ala GCA 105910 16.2
Ala GCG 40358 6.2
Tyr UAU 122728 18.8
Tyr UAC 96596 14.8
His CAU 89007 13.6
His CAC 50785 7.8
Gln CAA 178251 27.3
Gln CAG 79121 12.1
Asn AAU 233124 35.7
Asn AAC 162199 24.8
Lys AARA 273618 41.9
Lys AAG 201361 30.8
Asp GAU 245641 37.6
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TABLE 2B -continued

Codon Usage Table for Saccharomycesg cerevigiae

Frequency per

Amino Acid Codon Number thousand
Asp GAC 132048 20.2
Glu GAA 297944 45.6
Glu GAG 125717 19.2
Cys UGuU 52903 8.1
Cys jojeles 31095 4.8
Trp UGG 67789 10.4
Arg CGU 41791 6.4
Arg CGC 16993 2.6
Arg CGA 19562 9.0
Arg CGG 11351 1.7
Arg AGA 139081 21.3
Arg AGG 60289 9.2
Gly GGU 156109 23.9
Gly GGC 63903 9.8
Gly GGA 71216 10.9
Gly GGG 39359 6.0
Stop UAA 6913 1.1
Stop UAG 3312 0.5
Stop UGA 4447 0.7

By utilizing this or similar tables, one of ordinary skill in
the art can apply the frequencies to any given polypeptide
sequence, and produce a nucleic acid fragment of a codon-
optimized coding region which encodes the polypeptide, but
which uses codons optimal for a given species.

Randomly assigning codons at an optimized frequency to
encode a given polypeptide sequence, can be done manually
by calculating codon frequencies for each amino acid, and
then assigning the codons to the polypeptide sequence ran-
domly. Additionally, various algorithms and computer soft-
ware programs are readily available to those of ordinary skill
in the art. For example, the “EditSeq” function in the Laser-
gene Package, available from DNAstar, Inc., Madison, Wis.,
the backtranslation function in the Vector N'TI Suite, available
from InforMax, Inc., Bethesda, Md., and the “backtranslate”
function in the GCG-Wisconsin Package, available from
Accelrys, Inc., San Diego, Calif. In addition, various
resources are publicly available to codon-optimize coding
region sequences, e.g., the “backtranslation” function (En-
telechon GmbH, Regensburg, Germany) and the “back-
transeq” function (NRC Saskatoon Bioinformatics, Saska-
toon, Saskatchewan, Canada). Constructing a rudimentary
algorithm to assign codons based on a given frequency can
also easily be accomplished with basic mathematical func-
tions by one of ordinary skill in the art.

Codon-optimized coding regions can be designed by vari-
ous methods known to those skilled in the art including soft-
ware packages such as “synthetic gene designer” (University
of Maryland, Baltimore, Md.).

A polynucleotide or nucleic acid fragment is “hybridiz-
able” to another nucleic acid fragment, such as a cDNA,
genomic DNA, or RNA molecule, when a single-stranded
form of the nucleic acid fragment can anneal to the other
nucleic acid fragment under the appropriate conditions of
temperature and solution ionic strength. Hybridization and
washing conditions are well known and exemplified in Sam-
brook, J., Fritsch, E. F. and Maniatis, T. Molecular Cloning: A
Laboratory Manual, 2nd ed., Cold Spring Harbor Laboratory:
Cold Spring Harbor, N.Y. (1989), particularly Chapter 11 and
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Table 11.1 therein (entirely incorporated herein by refer-
ence). The conditions of temperature and ionic strength deter-
mine the “stringency” of the hybridization. Stringency con-
ditions can be adjusted to screen for moderately similar
fragments (such as homologous sequences from distantly
related organisms), to highly similar fragments (such as genes
that duplicate functional enzymes from closely related organ-
isms). Post hybridization washes determine stringency con-
ditions. One set of conditions uses a series of washes starting
with 6xSSC, 0.5% SDS at room temperature for 15 min, then
repeated with 2xSSC, 0.5% SDS at 45° C. for 30 min, and
then repeated twice with 0.2xSSC, 0.5% SDS at 50° C. for 30
min. Another set of stringent conditions uses higher tempera-
tures in which the washes are identical to those above except
for the temperature of the final two 30 min washes in 0.2x
SSC, 0.5% SDS was increased to 60° C. Another set of highly
stringent conditions uses two final washes in 0.1xSSC, 0.1%
SDS at 65° C. An additional set of stringent conditions
include hybridization at 0.1xSSC, 0.1% SDS, 65° C. and
washes with 2xSSC, 0.1% SDS followed by 0.1xSSC, 0.1%
SDS, for example.

Hybridization requires that the two nucleic acids contain
complementary sequences, although depending on the strin-
gency of the hybridization, mismatches between bases are
possible. The appropriate stringency for hybridizing nucleic
acids depends on the length of the nucleic acids and the
degree of complementation, variables well known in the art.
The greater the degree of similarity or homology between two
nucleotide sequences, the greater the value of Tm for hybrids
of'nucleic acids having those sequences. The relative stability
(corresponding to higher Tm) of nucleic acid hybridizations
decreases in the following order: RNA:RNA, DNA:RNA,
DNA:DNA. For hybrids of greater than 100 nucleotides in
length, equations for calculating Tm have been derived (see
Sambrook et al., supra, 9.50 9.51). For hybridizations with
shorter nucleic acids, i.e., oligonucleotides, the position of
mismatches becomes more important, and the length of the
oligonucleotide determines its specificity (see Sambrook et
al., supra, 11.7 11.8). In one embodiment the length for a
hybridizable nucleic acid is at least about 10 nucleotides. In
one embodiment, a minimum length for a hybridizable
nucleic acid is at least about 15 nucleotides; at least about 20
nucleotides; or the length is at least about 30 nucleotides.
Furthermore, the skilled artisan will recognize that the tem-
perature and wash solution salt concentration can be adjusted
as necessary according to factors such as length of the probe.

As used herein, the term “polypeptide” is intended to
encompass a singular “polypeptide” as well as plural
“polypeptides,” and refers to a molecule composed of mono-
mers (amino acids) linearly linked by amide bonds (also
known as peptide bonds). The term “polypeptide” refers to
any chain or chains of two or more amino acids, and does not
refer to a specific length of the product. Thus, peptides, dipep-
tides, tripeptides, oligopeptides, “protein,” “amino acid
chain,” or any other term used to refer to a chain or chains of
two or more amino adds, are included within the definition of
“polypeptide,” and the term “polypeptide” can be used
instead of, or interchangeably with any of these terms. A
polypeptide can be derived from a natural biological source or
produced by recombinant technology, but is not necessarily
translated from a designated nucleic acid sequence. It can be
generated in any manner, including by chemical synthesis.

By an “isolated” polypeptide or a fragment, variant, or
derivative thereof is intended a polypeptide that is not in its
natural milieu. No particular level of purification is required.
For example, an isolated polypeptide can be removed from its
native or natural environment. Recombinantly produced
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polypeptides and proteins expressed in host cells are consid-
ered isolated for purposed of the invention, as are native or
recombinant polypeptides which have been separated, frac-
tionated, or partially or substantially purified by any suitable
technique.

As used herein, the terms “variant” and “mutant” are syn-
onymous and refer to a polypeptide differing from a specifi-
cally recited polypeptide by one or more amino acid inser-
tions, deletions, mutations, and substitutions, created using,
e.g., recombinant DNA techniques, such as mutagenesis.
Guidance in determining which amino acid residues can be
replaced, added, or deleted without abolishing activities of
interest, can be found by comparing the sequence of the
particular polypeptide with that of homologous polypeptides,
e.g., yeast or bacterial, and minimizing the number of amino
acid sequence changes made in regions of high homology
(conserved regions) or by replacing amino acids with consen-
sus sequences.

“Engineered polypeptide” as used herein refers to a
polypeptide that is synthetic, i.e., differing in some manner
from a polypeptide found in nature.

Alternatively, recombinant polynucleotide variants encod-
ing these same or similar polypeptides can be synthesized or
selected by making use of the “redundancy” in the genetic
code. Various codon substitutions, such as silent changes
which produce various restriction sites, can be introduced to
optimize cloning into a plasmid or viral vector for expression.
Mutations in the polynucleotide sequence can be reflected in
the polypeptide or domains of other peptides added to the
polypeptide to modify the properties of any part of the
polypeptide. For example, mutations can be used to reduce or
eliminate expression of a target protein and include, but are
not limited to, deletion of the entire gene or a portion of the
gene, inserting a DNA fragment into the gene (in either the
promoter or coding region) so that the protein is not expressed
or expressed at lower levels, introducing a mutation into the
coding region which adds a stop codon or frame shift such
that a functional protein is not expressed, and introducing one
or more mutations into the coding region to alter amino acids
so that a non-functional or a less enzymatically active protein
is expressed.

Amino acid “substitutions” can be the result of replacing
one amino acid with another amino acid having similar struc-
tural and/or chemical properties, i.e., conservative amino acid
replacements, or they can be the result of replacing one amino
acid with an amino acid having different structural and/or
chemical properties, i.e., non-conservative amino acid
replacements. “Conservative” amino acid substitutions can
be made on the basis of similarity in polarity, charge, solubil-
ity, hydrophobicity, hydrophilicity, or the amphipathic nature
of the residues involved. For example, nonpolar (hydropho-
bic) amino acids include alanine, leucine, isoleucine, valine,
proline, phenylalanine, tryptophan, and methionine; polar
neutral amino acids include glycine, serine, threonine, cys-
teine, tyrosine, asparagine, and glutamine; positively charged
(basic) amino acids include arginine, lysine, and histidine;
and negatively charged (acidic) amino adds include aspartic
acid and glutamic acid. Alternatively, “non-conservative”
amino acid substitutions can be made by selecting the differ-
ences in polarity, charge, solubility, hydrophobicity, hydro-
philicity, or the amphipathic nature of any of these amino
acids. “Insertions” or “deletions” can be within the range of
variation as structurally or functionally tolerated by the
recombinant proteins. The variation allowed can be experi-
mentally determined by systematically making insertions,
deletions, or substitutions of amino acids in a polypeptide
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molecule using recombinant DNA techniques and assaying
the resulting recombinant variants for activity.

A “substantial portion” of an amino acid or nucleotide
sequence is that portion comprising enough of the amino acid
sequence of a polypeptide or the nucleotide sequence of a
gene to putatively identify that polypeptide or gene, either by
manual evaluation of the sequence by one skilled in the art, or
by computer-automated sequence comparison and identifica-
tion using algorithms such as BLAST (Altschul, S. F., et al.,
J. Mol. Biol., 215:403-410 (1993)). In general, a sequence of
ten or more contiguous amino acids or thirty or more nucle-
otides is necessary in order to putatively identity a polypep-
tide or nucleic acid sequence as homologous to a known
protein or gene. Moreover, with respect to nucleotide
sequences, gene specific oligonucleotide probes comprising
20-30 contiguous nucleotides can be used in sequence-depen-
dent methods of gene identification (e.g., Southern hybrid-
ization) and isolation (e.g., in situ hybridization of bacterial
colonies or bacteriophage plaques). In addition, short oligo-
nucleotides of 12-15 bases can be used as amplification prim-
ers in PCR in order to obtain a particular nucleic acid frag-
ment comprising the primers. Accordingly, a “substantial
portion” of a nucleotide sequence comprises enough of the
sequence to specifically identify and/or isolate a nucleic acid
fragment comprising the sequence. The instant specification
teaches the complete amino acid and nucleotide sequence
encoding particular proteins. The skilled artisan, having the
benefit of the sequences as reported herein, can now use all or
a substantial portion of the disclosed sequences for purposes
known to those skilled in this art. Accordingly, the instant
invention comprises the complete sequences as reported in
the accompanying Sequence Listing, as well as substantial
portions of those sequences as defined above.

The term “complementary” is used to describe the relation-
ship between nucleotide bases that are capable of hybridizing
to one another. For example, with respect to DNA, adenine is
complementary to thymine and cytosine is complementary to
guanine, and with respect to RNA, adenine is complementary
to uracil and cytosine is complementary to guanine.

The term “percent identity”, as known in the art, is a rela-
tionship between two or more polypeptide sequences or two
or more polynucleotide sequences, as determined by compar-
ing the sequences. In the art, “identity” also means the degree
of sequence relatedness between polypeptide or polynucle-
otide sequences, as the case may be, as determined by the
match between strings of such sequences. “Identity” and
“similarity” can be readily calculated by known methods,
including but not limited to those described in: 1.) Computa-
tional Molecular Biology (Lesk, A. M., Ed.) Oxford Univer-
sity: NY (1988); 2.) Biocomputing: Informatics and Genome
Projects (Smith, D. W., Ed.) Academic: NY (1993); 3.) Com-
puter Analysis of Sequence Data, Part I (Griffin, A. M., and
Griffin, H. G., Eds.) Humania: NJ (1994); 4.) Sequence
Analysis in Molecular Biology (von Heinje, G., Ed.) Aca-
demic (1987); and 5.) Sequence Analysis Primer (Gribskov,
M. and Devereux, J., Eds.) Stockton: NY (1991).

Methods to determine identity are designed to give the best
match between the sequences tested. Methods to determine
identity and similarity are codified in publicly available com-
puter programs. Sequence alignments and percent identity
calculations can be performed using the MegAlign™ pro-
gram of the LASERGENE bioinformatics computing suite
(DNASTAR Inc., Madison, Wis.). Multiple alignments of the
sequences are performed using the “Clustal method of align-
ment” which encompasses several varieties of the algorithm
including the “Clustal V method of alignment” corresponding
to the alignment method labeled Clustal V (described by
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Higgins and Sharp, CABIOS. 5:151-153 (1989); Higgins, D.
G. etal., Comput. App. Biosci., 8:189-191 (1992)) and found
in the MegAlign™ program of the LASERGENE bioinfor-
matics computing suite (DNASTAR Inc.). For multiple align-
ments, the default values correspond to GAP PENALTY=10
and GAP LENGTH PENALTY=10. Default parameters for
pairwise alignments and calculation of percent identity of
protein sequences using the Clustal method are KTUPLE=1,
GAP PENALTY=3, WINDOW=5 and DIAGONALS
SAVED=5. For nucleic acids these parameters are
KTUPLE=2, GAP PENALTY=5, WINDOW=4 and DIAGO-
NALS SAVED=4. After alignment of the sequences using the
Clustal V program, it is possible to obtain a “percent identity”
by viewing the “sequence distances” table in the same pro-
gram. Additionally the “Clustal W method of alignment” is
available and corresponds to the alignment method labeled
Clustal W (described by Higgins and Sharp, CABIOS. 5:151-
153 (1989); Higgins, D. G. et al., Comput. Appl. Biosci.
8:189-191 (1992)) and found in the MegAlign™ v6.1 pro-
gram of the LASERGENE bioinformatics computing suite
(DNASTAR Inc.). Default parameters for multiple alignment
(GAP PENALTY=10, GAP LENGTH PENALTY=0.2,
Delay Divergen Segs (%)=30, DNA Transition Weight=0.5,
Protein Weight Matrix=Gonnet Series, DNA Weight
Matrix=IUB). After alignment of the sequences using the
Clustal W program, it is possible to obtain a “percent identity”
by viewing the “sequence distances” table in the same pro-
gram.

It is well understood by one skilled in the art that many
levels of sequence identity are useful in identifying polypep-
tides, such as from other species, wherein such polypeptides
have the same or similar function or activity, or in describing
the corresponding polynucleotides. Useful examples of per-
centidentities include, but are not limited to: 55%, 60%, 65%,
70%, 75%, 80%, 85%, 90%, or 95%, or any integer percent-
age from 55% to 100% can be useful in describing the present
invention, such as 55%, 56%, 57%, 58%, 59%, 60%, 61%,
62%, 63%, 64%, 65%, 66%, 67%, 68%, 69%, 70%, 71%,
72%, 73%, 74%, 75%, 76%, T71%, 78%, 79%, 80%, 81%,
82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%,
92%, 93%, 94%, 95%, 96%, 97%, 98% or 99%. Suitable
polynucleotide fragments not only have the above homolo-
gies but typically comprise a polynucleotide having at least
50 nucleotides, at least 100 nucleotides, at least 150 nucle-
otides, at least 200 nucleotides, or at least 250 nucleotides.
Further, suitable polynucleotide fragments having the above
homologies encode a polypeptide having at least 50 amino
acids, at least 100 amino acids, at least 150 amino acids, at
least 200 amino acids, or at least 250 amino acids.

The term “sequence analysis software” refers to any com-
puter algorithm or software program that is useful for the
analysis of nucleotide or amino acid sequences. “Sequence
analysis software” can be commercially available or indepen-
dently developed. Typical sequence analysis software will
include, but is not limited to: 1.) the GCG suite of programs
(Wisconsin Package Version 9.0, Genetics Computer Group
(GCG), Madison, Wis.); 2.) BLASTP, BLASTN, BLASTX
(Altschul et al., J Mol Biol., 215:403-410 (1990)); 3.)
DNASTAR (DNASTAR, Inc. Madison, Wis.); 4.)
Sequencher (Gene Codes Corporation, Ann Arbor, Mich.);
and 5.) the FASTA program incorporating the Smith-Water-
man algorithm (W. R. Pearson, Comput. Methods Genome
Res., [Proc. Int. Symp.] (1994), Meeting Date 1992, 111-20.
Editor(s): Suhai, Sandor, Plenum: New York, N.Y.). Within
the context of this application it will be understood that where
sequence analysis software is used for analysis, that the
results of the analysis will be based on the “default values” of
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the program referenced, unless otherwise specified. As used
herein “default values™ will mean any set of values or param-
eters that originally load with the software when first initial-
ized.

Standard recombinant DNA and molecular cloning tech-
niques are well known in the art and are described by Sam-
brook, J., Fritsch, E. F. and Maniatis, T., Molecular Cloning:
A Laboratory Manual, Second Edition, Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y. (1989) (herein-
after “Maniatis”); and by Silhavy, T. J., Bennan, M. L. and
Enquis L. W., Experiments with Gene Fusions, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y. (1984);
and by Ausubel, F. M. et al., Current Protocols in Molecular
Biology, published by Greene Publishing Assoc. and Wiley-
Interscience (1987). Additional methods used here are in
Methods in Enzymology, Volume 194, Guide to Yeast Genet-
ics and Molecular and Cell Biology (Part A, 2004, Christine
Guthrie and Gerald R. Fink (Eds.), Elsevier Academic Press,
San Diego, Calif.). Other molecular tools and techniques are
known in the art and include splicing by overlapping exten-
sion polymerase chain reaction (PCR) (Yu, et al. (2004) Fun-
gal Genet. Biol. 41:973-981), positive selection for mutations
atthe URA3 locus of Saccharomyces cerevisiae (Boeke, I. D.
etal. (1984) Gen. Genet. 197, 345-346; M A Romanos, et al.
Nucleic Acids Res. 1991 Jan. 11; 19(1): 187), the cre-lox
site-specific recombination system as well as mutant lox sites
and FLP substrate mutations (Sauer, B. (1987) Mol Cell Biol
7: 2087-2096; Senecoff, et al. (1988) Journal of Molecular
Biology, Volume 201, Issue 2, Pages 405-421; Albert, et al.
(1995) The Plant Journal. Volume 7, Issue 4, pages 649-659),
“seamless” gene deletion (Akada, et al, (2006) Yeast; 23(5):
399-405), and gap repair methodology (Ma et al., Genetics
58:201-216; 1981).

The genetic manipulations of a recombinant host cell dis-
closed herein can be performed using standard genetic tech-
niques and screening and can be made in any host cell that is
suitable to genetic manipulation (Methods in Yeast Genetics,
2005, Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, N.Y., pp. 201-202).

In embodiments, a recombinant host cell disclosed herein
can be any yeast or fungi host useful for genetic modification
and recombinant gene expression including those yeast men-
tioned elsewhere herein, such as in Table 7. In other embodi-
ments, a recombinant host cell can be a member of the genera
Issatchenkia, Zygosaccharomyces, Schizosaccharomyces,
Delkkera, Torulopsis, Brettanomyces, Torulaspora, Hans-
eniaspora, Kluveromyces, Yarrowia, and some species of
Candida.

Polypeptides with KARI Activity
In some embodiments, the recombinant host cells and

methods provided herein address a need that arises in the
microbial production of isobutanol where the KARI enzyme
performs a vital role. In the isobutanol biosynthetic pathway
shown in FIG. 1, the substrate to product conversion of aceto-
lactate to dihydroxyisovalerate (DHIV) is catalyzed by the
KARI enzyme. Disclosed in US Appl. Publication No.
US2011/0244536 and incorporated by reference,
polypeptides having ketol-acid reductoisomerase activity
that are members of the SLSL Clade of KARIs. Polypeptides
having KARI activity disclosed therein were found to be
effective for isobutanol production. The SLSL Clade of
KARIs include those KARI enzymes listed in Table 3.
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TABLE 3
Effective KARIs
SEQ SEQ
IDNO: IDNO:
Nucleic ~ Amino

Description acid acid
Staphylococcus capitis SK14 66 67
Staphylococcus epidermidis M23864-W 1 68 69
Staphylococcus hominis SK119 134 135
Staphylococcus aureus subsp. aureus TCH130 70 71
Staphylococcus warneri 1.37603 72 73
Staphylococcus epidermidis W23144 74 75
Staphylococcus saprophyticus subsp. 76 77
Saprophyticus ATCC15305
Staphylococcus camosus subsp. Camosus 78 79
TM300
Listeria monocytogenes EGD-e 80 81
Listeria grayi DSM 20601 82 83
Enterococcus casseliflavus EC30 84 85
Enterococcus gallinarum EG2 86 87
Macrococcus caseolyticus JCSC5402 88 89
Streptococcus vestibularis 20 91
Streptococcus mutans UA159 92 93
Streptococcus gordonii str, cgakkus sybstr. CH1 94 95
Streptococcus suis 89/1591 96 97
Streptococcus infantarius subsp. infantarius 98 99
ATCC BAA-102
Lactococcus lactis subsp cremoris MG1363 100 101
Lactococcus lactis 102 103
Leuconostoc mesenteroides subsp mesenteroides 104 105
ATCC8293
Lactobacillus buchneri ATCC 11577 106 107
Staphylococcus haemolyticus JCSC1435 108 109
Staphylococcus epidermidis ATCC12228 110 111
Streptococcus pneumoniae CGSP14 112 113
Streptococcus pneumoniae TIGR4 114 115
Streptococcus sanguinis SK36 116 117
Streptococcus salivarius SK126 118 119
Streptococcus thermophilus LMD-9 120 121
Streptococcus pneumoniae CCRI 1974M2 122 123
Lactococcus lactis subsp. lactis 111403 124 125
Leuconostoc mesenteroides subsp cremoris 126 127
ATCC19254
Leuconostoc mesenteroides subsp cremoris 128 129
Lactobacillus brevis subsp. gravesensis 130 131
ATCC27305
Lactococcus lactis subsp lactis NCDO2118 132 133

As described and demonstrated herein, Applicants have
discovered additional KARI enzymes and variants of the
additional KARIs that result in isobutanol production com-
parable to and/or exceeding that observed with the KARI
from Lactococcus lactis. Such KARI enzymes and variants
result in comparable or higher isobutanol titer and/or higher
effective isobutanol productivity when compared to that
observed with Lactococcus lactis KARI in the same condi-
tions. Accordingly, in embodiments, polypeptides having
KARI activity that function in an isobutanol production path-
way have isobutanol titer and/or effective isobutanol produc-
tivity comparable to or better than that with the Lactococcus
lactis KARI (SEQ ID NO: 380).

Such polypeptides having KARI activity may thus be suit-
able for isobutanol production. It will be appreciated that
using a combination of structural and sequence information
available in the art, polypeptides comprising KARI activity
and less than 100% identity to the exemplified sequences can
be constructed for use in isobutanol biosynthetic pathways.
For example, crystal structures of the E. coli KARI enzyme at
2.6 A resolution have been solved (Tyagi, et al., Protein Sci.,
14:3089-3100, 2005) as has the structure of the P, aeruginosa
KARI (Ahn, et al., J. Mol. Biol., 328: 505-515, 2003) and the
KARI enzyme from spinach (Biou V., et al. The EMBO
Journal, 16: 3405-3415, 1997). Furthermore, described
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herein is a Profile HMM (provided herein; Table Z) prepared
using amino acid sequences of 25 KARI proteins with experi-
mentally verified function as outlined in Table 1. The KARIs
were from Pseudomonas fluorescens P1-5, Sulfolobus solfa-
taricus P2, Pyrobaculum aerophilum str. IM2, Natronomonas
pharaonis DSM 2160, Bacillus subtilis subsp. subtilis str.
168, Corynebacterium glutamicum ATCC 13032, Phaeospr-
irilum molischianum, Ralstonia solanacearum GMI1000,
Zymomonas mobilis subsp. mobilis ZM4, Alkalilimnicola
ehrlichei MLHE-, Campylobacter lari RM2100, Marino-
bacter aquaeolei V18, Psychrobacter arcticus 273-4,
Hahella chejuensis KCTC 2396, Thiobacillus denitrificans
ATCC 25259, Azotobacter vinelandii AvOP, Pseudomonas
syringae pv. syringae B728a, Pseudomonas syringae pv.
tomato str. DC3000, Pseudomonas putida KT2440,
Pseudomonas entomophila 148, Pseudomonas mendocina
ymp, Pseudomonas aeruginosa PAO1, Bacillus ceveus ATCC
10987, Bacillus cereus ATCC 10987, and Spiracia oleracea.
Any protein that matches the Profile HMM with an E value of
<1073 using hmmsearch program in the HMMER package is
expected to be a functional KARI.

Production of isobutanol is believed to utilize the glycoly-
sis pathway present in the host microorganism. During the
production of two molecules of pyruvate from glucose during
glycolysis, there is net production of two molecules of NADH
from NAD+ by the glyceraldehyde-3-phosphate dehydroge-
nase reaction. During the further production of one molecule
of isobutanol from two molecules of pyruvate, there is net
consumption of one molecule of NAD(P)H, by the KARI
reaction, and one molecule of NAD(P)H by the isobutanol
dehydrogenase reaction. The interconversion of NADH with
NADPH is generally slow and inefficient in yeast; thus,
NADPH to be consumed is generated by metabolism (for
example, by the pentose phosphate pathway) consuming sub-
strate in the process. Meanwhile, the cell strives to maintain
homeostasis in the NAD+/NADH ratio, leading to the excess
NADH produced in isobutanol production being consumed in
wasteful reduction of other metabolic intermediates; e.g., by
the production of glycerol (Bakker, et al., 2001. Stoichiom-
etry and compartmentation of NADH metabolism in Saccha-
romyces cerevisiae. FEMS Microbiol. Rev. 25:15-37). Thus,
an imbalance between NADH produced and NADPH con-
sumed by the isobutanol pathway can lead to a reduction in
the molar yield of isobutanol produced from glucose in two
ways: 1) unnecessary operation of metabolism to produce
NADPH, and 2) wasteful reaction of metabolic intermediates
to maintain NAD+/NADH homeostasis. Polypeptides having
KARLI activity that function well in an isobutanol pathway
and have a low K, for NADH can be used to improve the
production of isobutanol.

Also disclosed herein are substitutions to the KARI
enzyme sequences provided in Table 3 and in Table 10 to
produce variants with varying ability to utilize NADH as a
cofactor. Such variants provide alternatives that may be
employed to optimize the efficiency of a biosynthetic path-
way utilizing KARI, such as an isobutanol biosynthetic path-
way, for particular production conditions. Demonstrated in
the Examples is isobutanol production under conditions
switched from aerobic to anaerobic for variants of the K9
KARI enzyme derived from Anaerostipes caccae with difter-
ing abilities to utilize NADH. Thus, equipped with this dis-
closure, one of skill in the art will be able to produce recom-
binant host cells comprising a SLSL. Glade KARI enzyme, or
a an Enterococcus gallinarum, Streptococcus thermophilus
Lactococcus lactis subsp. cremoris MG1363, Bifidobacte-
rium angulatum, Bifidobacterium dentium, or Anaerostipes
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caccae, Lactococcus lactis KARI enzyme or a variant or
active fragment thereof suited for a range of production con-
ditions.

In some embodiments, provided herein is a polypeptide
having KARI activity and having at least about 80%, at least
about 85%, at least about 90%, at least about 95%, at least
about 98%, or at least about 99% identity to a KARI enzyme
of Table 3 or Table 10, or Examples 16, 17, 21 and having a
K, for NADH less than about 300 pM, 100 uM, 50 uM, 20
uM, 10 uM, or 5 uM. In some embodiments, provided herein
is an engineered polypeptide having KARI activity and hav-
ing at least about 80%, at least about 85%, at least about 90%,
at least about 95%, at least about 98%, or at least about 99%
identity to a KARI enzyme of Table 3, Table 10 or Examples
16, 17, 21. In some embodiments, such polypeptides have a
K,, for NADH less than that of the corresponding native
enzyme. In some embodiments, the ratio of K, , for NADH to
K,, for NAPDH is less than 0.1, in some embodiments less
than 1, in some embodiments less than 2, in some embodi-
ments, less than 4.

KARI enzymes and variants thereof that are particularly
suitable for isobutanol production include, but are not limited
to, variants of a ketol-acid reductoisomerase from Anaerosti-
pes caccae DSM 14662 (SEQ ID NO: 643): “K9G9” (SEQID
NO: 644) and “K9D3” (SEQ ID NO: 645) which have K, , for
NADH lower than that of the native enzyme (SEQ ID NO:
643).

Host cells provided herein may comprise a polypeptide
having ketol-acid reductoisomerase activity. In embodi-
ments, such polypeptides have at least about 80%, at least
about 85%, at least about 90%, at least about 95%, at least
about 98%, or at least about 99% identity to SEQ ID NO: 643,
an active variant thereof; or a KARI derived from Anaerosti-
pes caccae DSM 14662, or an active variant thereof. In
embodiments, the polypeptides have at least about 80%, at
least about 85%, at least about 90%, at least about 95%, at
least about 98%, or at least about 99% identity to SEQ ID NO:
645 or 644. In embodiments, the polypeptides comprise SEQ
ID NO: 645 or 644.

In some embodiments, polypeptides having KARI activity
comprise at least about 80%, at least about 85%, at least about
90%, at least about 95%, at least about 98%, or at least about
99% identity to the amino acid sequence of SEQ ID NO: 419
[IB4P], 427 [SB2], and all those variants listed in Tables 25
and 26. Such variants provide alternatives for optimizing the
efficiency of the isobutanol biosynthetic pathway for particu-
lar production conditions. Demonstrated in the Examples is
isobutanol production under conditions.

Identification of Additional Polypeptides Having KARI
Activity

Described in Example 1 is a biodiversity screen of KARL-
encoding genes from various bacterial and fungal species
which revealed suitable KARIs for isobutanol production.
Equipped with this disclosure, one of skill in the art will be
readily able to identify additional suitable polypeptides hav-
ing KARI activity.

The sequences of other polynucleotides, genes and/or
polypeptides can be identified in the literature and in bioin-
formatics databases well known to the skilled person using
sequences disclosed herein and available in the art. For
example, such sequences can be identified through BLAST
searching of publicly available databases with polynucleotide
or polypeptide sequences provided herein. In such a method,
identities can be based on the Clustal W method of alignment
using the default parameters of GAP PENALTY=10, GAP
LENGTH PENALTY=0.1, and Gonnet 250 series of protein
weight matrix.
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Additionally, polynucleotide or polypeptide sequences
disclosed herein can be used to identify other KARI
homologs in nature. For example, each of the KARI encoding
nucleic acid fragments disclosed herein can be used to isolate
genes encoding homologous proteins. Isolation of homolo-
gous genes using sequence-dependent protocols is well
known in the art. Examples of sequence-dependent protocols
include, but are not limited to (1) methods of nucleic acid
hybridization; (2) methods of DNA and RNA amplification,
as exemplified by various uses of nucleic acid amplification
technologies [e.g., polymerase chain reaction (PCR), Mullis
et al., U.S. Pat. No. 4,683,202; ligase chain reaction (LCR),
Tabor et al., Proc. Acad. Sci. USA 82:1074 (1985); or strand
displacement amplification (SDA), Walker et al., Proc. Natl.
Acad. Sci. U.S.A., 89:392 (1992)]; and (3) methods oflibrary
construction and screening by complementation.

It will be appreciated that one of ordinary skill in the art,
equipped with this disclosure, can generate active fragments
of polypeptides provided herein, for example, by truncating
polypeptides provided herein based on sequence alignments
at the N-terminus and confirming KARI activity. In embodi-
ments, Anaerostipes caccae KARIs and variants thereof pro-
vided herein are truncated at the N-terminus. In one embodi-
ment, up to and including the first five amino acids are
truncated from a polypeptide provided herein. In embodi-
ments, the polypeptide is SEQ ID NO: 27 or a variant thereof.
In one embodiment, a polypeptide having KARI activity
comprises SEQ ID NO: 635, 637 (encoded by polynucleotide
sequences SEQ ID NO: 636 and 638, respectively),
K9_Annabel_ SH (SEQ ID NO:862, protein SEQ ID
NO:863) and K9_Zeke_SH (SEQ ID NO: 860, protein SEQ
ID NO: 861), or any variant listed in Table 40.

Lowering K, , for NADH

As shown in FIG. 2 and Examples, mutations in the posi-
tions corresponding to 50, 52 and 53, and optionally 47, of the
Pseudomonas fluorescens KARI in the KARI enzyme from
Anaerostipes caccae result in KARIs with lowered K, for
NADH as compared to wild-type, verifying that mutations in
these positions produce NADH accepting variants of highly
effective KARIs. Further mutations of Araerostipes caccae
KARI, revealed positions which further lower the K,, for
NADH.

As demonstrated herein (see Examples), substitution of
amino acids in the phosphate binding region, particularly in
two or more positions corresponding to positions 47, 50, 52,
and 53 of PF5 KARI (SEQ ID NO: 5) results in lowered K,
for NADH. Therefore, provided herein are polypeptides
derived from an organism listed herein, for example, in Tables
3 and 10 having KARI activity and comprising substitutions
at at least two of the four positions corresponding to positions
47, 50, 52, and 53 of PF5 KARI as compared to the native
amino acid sequence. Provided herein are polypeptides hav-
ing KARI activity and comprising substitutions in the phos-
phate binding region. Provided herein are polypeptides hav-
ing KARI activity and comprising substitutions at positions
corresponding to S56 and S58 of K9 KARI (SEQ ID NO: 27).
In some embodiments the substitution at the position corre-
sponding to S56 is A. In some embodiments, the substitution
at the position corresponding to S58 is D or E. In some
embodiments, the substitution at the position corresponding
10 S531is Q, E, P, or A. In some embodiments, the substitution
at the position corresponding to S56 is V or D. In some
embodiments, the substitution at the position corresponding
to S58 is D or Q. In embodiments, the polypeptides further
comprise a substitution at one or more positions correspond-
ing to 186, N87,N107, T131, or T191 of K9 KARI (SEQ ID
NO: 27). In some embodiments, the polypeptides comprise a
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substitution at at least 2, at least 3, at least 4, or all of the
indicated positions. In some embodiments, the substitution at
the position corresponding to 186 is T or V. In some embodi-
ments, the substitution at the position corresponding to N87 is
P. In some embodiments, the substitution at the position cor-
responding to N107 is S. In some embodiments, the substi-
tution at the position corresponding to T131 is C, L, A, M or
V. In some embodiments, the substitution at the position
corresponding to T191 is A, S, O, C, or G.

In embodiments, the polypeptides comprise fewer than 10,
15, or substitutions with respect to the wild-type sequence. In
embodiments, the polypeptides match the Profile HMM
based on experimentally verified KARIs and given in Table Z
with an E value less than <1073, Sequences can be compared
to the profile HMM given in Table Z using hmmsearch (HM-
MER software package available from Janelia Farm Research
Campus, Ashburn, Va.).

Additional polypeptides having KARI activity and low-
ered K, , for NADH can be obtained using methods described
and demonstrated herein. For example, a polypeptide having
KARI activity can be employed in the construction of a site-
saturation gene library as described herein. Kits for construc-
tion of such gene libraries are commercially available (for
example, from USB Corporation, Cleveland, Ohio, #78480.)
Site-directed mutagenesis can also be carried out using com-
mercially available kits (for example, the QuickChange 11 XI.
site directed mutagenesis kit, Catalog #200524, Stratagene,
La Jolla, Calif.). Primer design for target sites for mutagen-
esis is well-known in the art, and multiple sequence align-
ment to identify the target sites is likewise well-known.

Once variants have been generated, KARI activity with
NADH or NADPH can be readily assessed using methods
known in the art and/or disclosed herein. For example, KARI
activity can be determined by measuring the disappearance of
the NADPH or NADH from the reaction at 340 nm or by
determination of the Michaelis constant via measurement of
formation of 2,3-dihydroxyisovalerate using HPLC/MS.
Likewise, isobutanol production from a strain comprising
variants can be confirmed.

Cofactor Specificity

To determine cofactor specificity, V,,,./K,, ratios can be
calculated for each cofactor at saturating acetolactate; those
variants with a higher ratio for NADH will react at a higher
rate with NADH than NADPH under conditions of equal-
molar concentrations of the two cofactors and saturating
acetolactate.V,, . and K, ,values for NADH and NADPH can
be determined using methods known in the art and/or pro-
vided herein (see Example 16). For example, to determine
V.0 and K, values for NADH and NADPH, the partially
purified proteins can be assayed at various concentrations of
NADH and NADPH.

As demonstrated herein (see Examples 16 and 18 and FIG.
8), substitution of additional amino acids in K9G9 results in
variants having increased specificity for NADH. Thus, pro-
vided herein are polypeptides comprising substitution at one
ormore or all of the positions corresponding to K57,Y53, and
E74 of K9 KARI (SEQ ID NO: 27). Also provided herein are
polypeptides comprising substitutions at one or more or all of
the positions corresponding to Y53, K57, E74, N87 and K90,
In embodiments, the substitution at the position correspond-
ing to Y53 is F. In embodiments, the substitution at the posi-
tion corresponding to K57 is E. In embodiments, the substi-
tution at the position corresponding to E74 is G. In
embodiments, the substitution at the position corresponding
to N87 is P. In embodiments, the substitution at the position
corresponding to K90 is M or L. In embodiments, the variants
comprise substitutions of at least one position corresponding
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t0 S56 or S58 of SEQ ID NO: 27 and further comprise at least
one, at least two, at least three, or more than three further
substitution(s) corresponding to positions of SEQ ID NO: 27
identified herein.

In embodiments, the polypeptides comprise fewer than 2,
3,4,5,10, 15, or 20 substitutions with respect to the wild-type
sequence. In embodiments, the polypeptides match the Pro-
file HMM based on experimentally verified KARIs and given
in Table Z with an E value less than <1073,

As demonstrated in the Examples, variants of K9SB2
(SEQ ID NO: 427) were generated and screened for variants
with reduced NADPH affinity, revealing additional positions
for substitution. Thus, in embodiments, polypeptides further
comprise substitutions at one or more positions correspond-
ing to F53, G55, A56, W59, F67, 184, .85, Q91, M94, and
P135 of SEQID NO: 427. In embodiments, the substitution at
position G55 is D or C, the substitution at position Q91 is L,
the substitution at position A56 is T or V, the substitution at
P135is S, the substitution at position F53 is L, the substitution
at position M94 is 1, the substitution at position F67 is L or I,
the substitution at position W59 is C, the substitution at posi-
tion 184 is L, and the substitution at position .85 is M.
KARI Structure

Structural information useful in the identification and
modification of polypeptides having KARI activity is pro-
vided in art, such as in the references described here as well as
in the Profile HMM provided herewith in Table Z and in US
App. Pub. Nos. 20100197519 and 20090163376, incorpo-
rated herein by reference

It was reported that phosphate p2' oxygen atoms of
NADPH form hydrogen bonds with side chains of Argl62,
Ser165 and Serl67 of spinach KARI (Biou V., et al. The
EMBO Journal, 16: 3405-3415, 1997). Studies by Ahn et al.,
(J. Mol. Biol., 328: 505-515, 2003) had identified three
NADPH phosphate binding sites (Argd7, Ser50 and Thr52)
for Pseudomonas aeruginosa (PAO-KARI) following com-
paring its structure with that of the spinach KARI. The struc-
ture of PF5-KARI with bound NADPH, acetolactate and
magnesium ions was built based on the crystal structure of .
aeruginosa PAO1-KARI (PDB ID INP3, Ahn H. J. et al., J.
Mol. Biol., 328: 505-515, 2003) which has 92% amino acid
sequence homology to PF5 KARI, PAO1-KARI structure is a
homo-dodecamer and each dodecamer consists of six homo-
dimers with extensive dimer interface. The active site of
KARIislocated in this dimer interface. The biological assem-
bly is formed by six homo-dimers positioned on the edges of
atetrahedron resulting in a highly symmetrical dodecamer of
23 point group symmetry.

The model of PF5-KARI dimer was built based on the
coordinates of monomer A and monomer B of PAO1-KARI
and sequence of PF5-KARI using DeepView/Swiss PDB
viewer (Guex, N. and Peitsch, M. C., Electrophoresis, 18:
2714-2723,1997). This model was then imported to program
O (Jones, T. A. et al, Acta Crystallogr. A 47: 110-119, 1991)
on a Silicon Graphics system for further modification.

The structure of PAO1-KARI has no NADPH, substrate or
inhibitor or magnesium in the active site. Therefore, the spin-
ach KARI structure (PDB ID lyve, Biou'V. et al.,, The EMBO
Journal, 16: 3405-3415, 1997), which has magnesium ions,
NADPH and inhibitor (N-Hydroxy-N-isopropyloxamate) in
the acetolacate binding site, was used to model these mol-
ecules in the active site. The plant KARI has very little
sequence homology to either PF5- or PAO1 KARI (<20%
amino acid identity), however the structures in the active site
region of these two KARI enzymes are very similar. To over-
lay the active site of these two KARI structures, commands
LSQ_ext, LSQ_improve, LSQ_mol in the program O were
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used to line up the active site of monomer A of spinach KARI
to the monomer A of PF5 KARI model. The coordinates of
NADPH, two magnesium ions and the inhibitor bound in the
active site of spinach KARI were extracted and incorporated
to molecule A of PF5 KARI. A set of the coordinates of these
molecules were generated for monomer B of PF5 KARI by
applying the transformation operator from monomer A to
monomer B calculated by the program.

Because there is no NADPH in the active site of PAO1
KARI crystal structure, the structures of the phosphate bind-
ing loop region in the NADPH binding site (residues 44-45 in
PAO1 KARI, 157-170 in spinach KARI) are very different
between the two. To model the NADPH bound form, the
model of the PF5-KARI phosphate binding loop (44-55) was
replaced by that of 1yve (157-170). Any discrepancy of side
chains between these two was converted to those in the PF5-
KARI sequence using the mutate_replace command in pro-
gram O, and the conformations of the replaced side-chains
were manually adjusted. The entire NADPH/Mg/inhibitor
bound dimeric PF5-KARI model went through one round of
energy minimization using program CNX (ACCELRYS San
Diego Calif. Burnger, A. T. and Warren, G. L., Acta Crystal-
logr., D 54: 905-921, 1998) after which the inhibitor was
replaced by the substrate, acetolactate (AL), in the model.
Isobutanol Production

Host cells provided herein can comprise a polypeptide
having ketol-acid reductoisomerase activity. As described
and demonstrated herein, Applicants have discovered addi-
tional KARI enzymes and variants of the additional KARIs
that result in isobutanol production comparable to and/or
exceeding that observed with the KARI from Lactococcus
lactis (see Examples). Accordingly, in embodiments,
polypeptides having KARI activity that function in an isobu-
tanol production pathway have effective isobutanol produc-
tivity and/or produce isobutanol at a titer comparable to or
better than that with the Lactococcus lactis KARI (SEQ ID
NO: 380). Such polypeptides are thus considered to be useful
for isobutanol production, particularly in cells comprising
isobutanol production pathways described herein. In embodi-
ments, polypeptides provided herein have effective isobu-
tanol productivity and/or produce isobutanol at a titer greater
than or about equal to that observed with the Lactococcus
lactis KARI (SEQ ID NO: 380) under the same conditions. In
embodiments, polypeptides provided herein have effective
isobutanol productivity greater than about 3 grams per gram
of cells, greater than about 4, greater than about 5, or greater
than about 6 grams per gram of cells after about 48 hours
wherein at least the last about 24 hours of the 48 hours are
under anaerobic conditions.

Furthermore, Applicants have discovered that variants of
the polypeptides having KARI activity described above,
including those with K, for NADH lower than that of the
unsubstituted polypeptide, provide advantages for isobutanol
production under anaerobic conditions. While not wishing to
be bound by theory, it is believed that such variants provide
improved isobutanol production due to more effective use of
NADH as reducing equivalents. In embodiments, isobutanol
production employing such a variant provides reduced glyc-
erol accumulation. In embodiments, the molar ratio of isobu-
tanol to glycerol is increased for a variant of a polypeptide
having KARI activity described above with K, , for NADH
lower than that of the unsubstituted polypeptide. In embodi-
ments, the molar ratio of isobutanol to glycerol is greater than
1. In embodiments, the molar ratio of isobutanol to glycerol is
greater than 2. In embodiments, the molar ratio is greater than
3. In embodiments, the molar ratio is greater than 4, greater
than 5, greater than 6, greater than 7, greater than 8, greater
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than 9, greater than 10, greater than 12, or greater than 14. In
embodiments, the molar ratio is in the range of about 1 to 5,
about 1 to 10, about 2 to 8, about 5 to 10, about 5 to 15 about
10 to 15 or about 12 to 15.

As demonstrated in the Examples herein, as the biochemi-
cal specificity for the NADH cofactor, as defined by (NADH
V.,../Ki )/ (NADPHV,, /K, )increases, thereis an observed
increase in the isobutanol/glycerol ratio, suggesting that the
altered cofactor specificity led to diminished NADPH utili-
zation and by-product formation.

Modification of Aldehyde Dehydrogenase

In embodiments of the invention, a recombinant host cell
can comprise reduced or eliminated aldehyde dehydrogenase
activity and an isobutanol biosynthetic pathway wherein the
host cell produces butanol. In other embodiments, the recom-
binant host cell can comprise an isobutanol or a 1-butanol
biosynthetic pathway as described further herein. In other
embodiments, the isobutanol biosynthetic pathway can com-
prise a polynucleotide encoding a polypeptide that catalyzes
a substrate to product conversion selected from the group
consisting of: (a) pyruvate to acetolactate; (b) acetolactate to
2,3-dihydroxyisovalerate; (c¢) 2,3-dihydroxyisovalerate to
2-ketoisovalerate; (d) 2-ketoisovalerate to isobutyraldehyde;
and (e) isobutyraldehyde to isobutanol. In other embodi-
ments, the isobutanol biosynthetic pathway can comprise
polynucleotides encoding polypeptides having acetolactate
synthase, keto acid reductoisomerase, dihydroxy acid dehy-
dratase, ketoisovalerate decarboxylase, and alcohol dehydro-
genase activity. In other embodiments, the recombinant cell
comprises a 1-butanol biosynthetic pathway. In other
embodiments, the 1-butanol biosynthetic pathway comprises
apolynucleotide encoding a polypeptide that catalyzes a sub-
strate to product conversion selected from the group consist-
ing of: (a) acetyl-CoA to acetoacetyl-CoA; (b) acetoacetyl-
CoA to 3-hydroxybutyryl-CoA; (c¢) 3-hydroxybutyryl-CoA
to crotonyl-CoA; (d) crotonyl-CoA to butyryl-CoA; (e)
butyryl-CoA to butyraldehyde; (f) butyraldehyde to 1-bu-
tanol. In other embodiments, the 1-butanol biosynthetic path-
way can comprise polynucleotides encoding polypeptides
having activity.

In embodiments of the invention, a recombinant host cell
can comprise a modification or disruption of a polynucleotide
or gene encoding a polypeptide having aldehyde dehydroge-
nase activity or a modification or disruption of a polypeptide
having aldehyde dehydrogenase activity. Many methods for
genetic modification and disruption of target genes to reduce
or eliminate expression are known to one of ordinary skill in
the art and can be used to create a recombinant host cell
disclosed herein. In other embodiments, the recombinant host
cell can comprise a deletion, mutation, and/or substitution in
an endogenous polynucleotide or gene encoding a polypep-
tide having aldehyde dehydrogenase activity or in an endog-
enous polypeptide having aldehyde dehydrogenase activity.
Such modifications, disruptions, deletions, mutations, and/or
substitutions can result in aldehyde dehydrogenase activity
that is reduced or eliminated. Modifications that can be used
include, but are not limited to, deletion of the entire gene or a
portion of the gene encoding an aldehyde dehydrogenase
protein, inserting a DNA fragment into the encoding gene (in
either the promoter or coding region) so that the protein is not
expressed or expressed at lower levels, introducing a muta-
tion into the coding region which adds a stop codon or frame
shift such that a functional protein is not expressed, and
introducing one or more mutations into the coding region to
alter amino acids so that a non-functional or a less active
protein is expressed. In other embodiments, expression of a
target gene can be blocked by expression of an antisense RNA
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or an interfering RNA, and constructs can be introduced that
result in cosuppression. In other embodiments, the synthesis
or stability of the transcript can be lessened by mutation. In
embodiments, the efficiency by which a protein is translated
from mRNA can be modulated by mutation. All of these
methods can be readily practiced by one skilled in the art
making use of the known or identified sequences encoding
target proteins.

In other embodiments, DNA sequences surrounding a tar-
get aldehyde dehydrogenase coding sequence are also useful
in some modification procedures and are available, for
example, for yeasts such as Saccharomyces cerevisiae in the
complete genome sequence coordinated by Genome Project
1D9518 of Genome Projects coordinated by NCBI (National
Center for Biotechnology Information) with identifying
GOPID #13838. An additional non-limiting example of yeast
genomic sequences is that of Candida albicans, which is
included in GPID #10771, #10701 and #16373. Other yeast
genomic sequences can be readily found by one of skill in the
art in publicly available databases.

In other embodiments, DNA sequences surrounding a tar-
get aldehyde dehydrogenase coding sequence can be useful
for modification methods using homologous recombination.
In a non-limiting example of this method, aldehyde dehydro-
genase gene flanking sequences can be placed bounding a
selectable marker gene to mediate homologous recombina-
tion whereby the marker gene replaces the aldehyde dehydro-
genase gene. In another non-limiting example, partial alde-
hyde dehydrogenase gene sequences and aldehyde
dehydrogenase gene flanking sequences bounding a select-
able marker gene can be used to mediate homologous recom-
bination whereby the marker gene replaces a portion of the
target aldehyde dehydrogenase gene. In embodiments, the
selectable marker can be bounded by site-specific recombi-
nation sites, so that following expression of the correspond-
ing site-specific recombinase, the resistance gene is excised
from the aldehyde dehydrogenase gene without reactivating
the latter. In embodiments, the site-specific recombination
leaves behind a recombination site which disrupts expression
of the aldehyde dehydrogenase protein. In other embodi-
ments, the homologous recombination vector can be con-
structed to also leave a deletion in the aldehyde dehydroge-
nase gene following excision of the selectable marker, as is
well known to one skilled in the art.

In other embodiments, deletions can be made to an alde-
hyde dehydrogenase target gene using mitotic recombination
as described by Wach et al. (Yeast, 10:1793-1808; 1994).
Such a method can involve preparing a DNA fragment that
contains a selectable marker between genomic regions that
can be as short as 20 bp, and which bound a target DNA
sequence. In other embodiments, this DNA fragment can be
prepared by PCR amplification of the selectable marker gene
using as primers oligonucleotides that hybridize to the ends of
the marker gene and that include the genomic regions that can
recombine with the yeast genome. In embodiments, the linear
DNA fragment can be efficiently transformed into yeast and
recombined into the genome resulting in gene replacement
including with deletion of the target DNA sequence (((as
disclosed, for example, in Methods in Enzymology, Volume
194, Guide to Yeast Genetics and Molecular and Cell Biology
(Part A, 2004, Christine Guthrie and Gerald R. Fink (Eds.),
Elsevier Academic Press, San Diego, Calif.)).

Moreover, promoter replacement methods can be used to
exchange the endogenous transcriptional control elements
allowing another means to modulate expression such as
described by Mnaimneh et al., ((2004) Cell 118(1):31-44).
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In other embodiments, the aldehyde dehydrogenase target
gene encoded activity can be disrupted using random
mutagenesis, which can then be followed by screening to
identify strains with reduced or substantially eliminated
activity. In this type of method, the DNA sequence of the
target gene encoding region, or any other region of the
genome affecting carbon substrate dependency for growth,
need not be known. In embodiments, a screen for cells with
reduced aldehyde dehydrogenase activity, or other mutants
having reduced aldehyde dehydrogenase activity, can be use-
ful for recombinant host cells of the invention.

Methods for creating genetic mutations are common and
well known in the art and can be applied to the exercise of
creating mutants. Commonly used random genetic modifica-
tion methods (reviewed in Methods in Yeast Genetics, 2005,
Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
N.Y.) include spontaneous mutagenesis, mutagenesis caused
by mutator genes, chemical mutagenesis, irradiation with UV
or X-rays, or transposon mutagenesis.

Chemical mutagenesis of host cells can involve, but is not
limited to, treatment with one of the following DNA
mutagens: ethyl methanesulfonate (EMS), nitrous acid,
diethyl sulfate, or N-methyl-N'-nitro-N-nitroso-guanidine
(MNNG). Such methods of mutagenesis have been reviewed
in Spencer et al. (Mutagenesis in Yeast, 1996, Yeast Protocols:
Methods in Cell and Molecular Biology. Humana Press,
Totowa, N.J.). In embodiments, chemical mutagenesis with
EMS can be performed as disclosed in Methods in Yeast
Genetics, 2005, Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y. Irradiation with ultraviolet (UV) light or
X-rays can also be used to produce random mutagenesis in
yeast cells. The primary effect of mutagenesis by UV irradia-
tion is the formation of pyrimidine dimers which disrupt the
fidelity of DNA replication. Protocols for UV-mutagenesis of
yeast can be found in Spencer et al. (Mutagenesis in Yeast,
1996, Yeast Protocols: Methods in Cell and Molecular Biol-
ogy. Humana Press, Totowa, N.J.). Inembodiments, the intro-
duction of a mutator phenotype can also be used to generate
random chromosomal mutations in host cells. In embodi-
ments, common mutator phenotypes can be obtained through
disruption of one or more of the following genes: PMSI1,
MAGT1, RADI18 or RADS51. In other embodiments, restora-
tion of the non-mutator phenotype can be obtained by inser-
tion of the wildtype allele. In other embodiments, collections
of modified cells produced from any of these or other known
random mutagenesis processes can be screened for reduced
or eliminated aldehyde dehydrogenase activity.

Genomes have been completely sequenced and annotated
and are publicly available for the following yeast strains:
Ashbya gossypii ATCC 10895, Candida glabrata CBS 138,
Kiuyveromyces lactis NRRL Y-1140, Pichia stipitis CBS
6054, Saccharomyces cerevisiae S288c, Schizosaccharomy-
ces pombe 972h-, and Yarrowia lipolytica CLIB122. Typi-
cally BLAST (described above) searching of publicly avail-
able databases with known aldehyde dehydrogenase
polynucleotide or polypeptide sequences, such as those pro-
vided herein, is used to identify aldehyde dehydrogenase-
encoding sequences of other host cells, such as yeast cells.

In other embodiments, a polypeptide having aldehyde
dehydrogenase activity can catalyze the conversion of isobu-
tyraldehyde to isobutyric acid. In other embodiments, the
conversion of isobutyraldehyde to isobutyric acid in a recom-
binant host cell is reduced or eliminated. In still other embodi-
ments, a polynucleotide, gene or polypeptide having alde-
hyde dehydrogenase activity can correspond to Enzyme
Commission Number EC 1.2.1.3, EC 1.2.1.4, and/or EC
1.2.1.5.
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In embodiments, a recombinant host cell of the invention
canbeS. carevisiae, and a polypeptide having aldehyde dehy-
drogenase activity can be ALD2, ALD3, ALD4, ALDS,
ALDG6, or combinations thereof. In other embodiments, a
recombinant host cell can be Kluyveromyces lactis, and a
polypeptide having aldehyde dehydrogenase activity can be
KLLAOF00440, KLLAOE23057, KLLAOD10021,
KLLAOD09999G, or combinations thereof. In other embodi-
ments, a recombinant host cell can be Pichia stipitis, and a
polypeptide having aldehyde dehydrogenase activity can
ALD2, ALD3, ALD4, ALDS5, ALD7, or combinations
thereof. In other embodiments, a recombinant host cell can be
Lactobacillus plantarum, and a polypeptide having aldehyde
dehydrogenase activity can be AldH. In other embodiments, a
recombinant host cell can be E. coli, and a polypeptide having
aldehyde dehydrogenase activity can be aldA, aldB, aldH, or
combinations thereof.

In embodiments of the invention, a recombinant host cell
can be S. cerevisiae, and an endogenous polynucleotide or
gene encoding a polypeptide having aldehyde dehydrogenase
activity can be ALD2, ALD3, ALD4, ALDS, ALD6, or com-
binations thereof. In embodiments of the invention, a recom-
binant host cell can be S. cerevisiae, and an endogenous
polynucleotide or gene encoding a polypeptide having alde-
hyde dehydrogenase activity can be ALD6. In other embodi-
ments, a recombinant host cell can be Kiuyveromyces lactis,
and an endogenous polynucleotide or gene encoding a
polypeptide having aldehyde dehydrogenase activity can be
KLLAOF00440, KLLAOE23057, KLLAOD10021,
KLLAOD09999G, or combinations thereof. In other embodi-
ments, a recombinant host cell can be Pickia stipitis, and an
endogenous polynucleotide or gene encoding a polypeptide
having aldehyde dehydrogenase activity can be ALD2,
ALD3, ALD4, ALDS, ALD7, or combinations thereof. In
embodiments, the polypeptide having aldehyde dehydroge-
nase activity is a homolog of ALD6 from Saccharomyces
cerevisiae. S. cerevisiae deletion strains containing aldehyde
dehydrogenase gene deletions with a kanMX cassette are
commercially available from American Type Culture Collec-
tion [catalog #4000753].

In other embodiments, a recombinant host cell can be
Lactobacillus plantarum, and an endogenous polynucleotide
encoding a polypeptide having aldehyde dehydrogenase
activity can be AldH. In other embodiments, a recombinant
host cell can be E. coli, and an endogenous polynucleotide
encoding a polypeptide having aldehyde dehydrogenase
activity can be aldA, aldB, aldH, or combinations thereof.

Examples of aldehyde dehydrogenase polynucleotides,
genes and polypeptides that can be targeted for modification
or inactivation in a recombinant host cell disclosed herein
include, but are not limited to, those of the following Table 4.

TABLE 4
Aldehyde dehydrogenase target gene coding regions and proteins.
Nucleic acid Amino acid
SEQ ID NO: SEQ ID NO:
ALD?2 from S. cerevisiae 732 733
ALD3 from S. cerevisiae 734 735
ALDA4 from S. cerevisiae 736 737
ALDS from S. cerevisiae 738 739
ALDSG from S. cerevisiae 740 741
KLLAOF00440 from 742 743
Kluyveromyces lactis
KLLAOE23057 from 744 745

Kluyveromyces lactis
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TABLE 4-continued

Aldehyde dehydrogenase target gene coding regions and proteins.

Nucleic acid Amino acid

SEQ ID NO: SEQ ID NO:
KLLAOD10021 from 746 747
Kluyveromyces lactis
KLLAODO09999 from 748 749
Kluyveromyces lactis
ALD?2 from Pichia stipits 750 751
ALD3 from Pichia stipitis 752 753
ALDA4 from Pichia stipitis 754 755
ALDS5 from Pichia stipitis 756 757
ALD7 from Pichia stipitis 758 759
aldA from E. coli 760 761
aldB from E. coli 762 763
aldH (puuC) from E. coli 764 765

Other examples of aldehyde dehydrogenase polynucle-
otides, genes and polypeptides that can be targeted for modi-
fication or inactivation in a recombinant host cell disclosed
herein include, but are not limited to, aldehyde dehydroge-
nase polynucleotides, genes and/or polypeptides having at
least about 70% to about 75%, about 75% to about 80%, about
80% to about 85%, about 85% to about 90%, about 90% to
about 95%, about 96%, about 97%, about 98%, or about 99%
sequence identity to any one of the sequences of Table 4,
wherein such a polynucleotide or gene encodes, or such a
polypeptide has, aldehyde dehydrogenase activity. Still other
examples of aldehyde dehydrogenase polynucleotides, genes
and polypeptides that can be targeted for modification or
inactivation in a recombinant host cell disclosed herein
include, but are not limited to an active variant, fragment or
derivative of any one of the sequences of Table 4, wherein
such a polynucleotide or gene encodes, or such a polypeptide
has, aldehyde dehydrogenase activity.

In embodiments, the sequences of other aldehyde dehydro-
genase polynucleotides, genes and/or polypeptides can be
identified in the literature and in bioinformatics databases
well known to the skilled person using sequences disclosed
herein and available in the art. For example, such sequences
can be identified through BLAST searching of publicly avail-
able databases with known aldehyde dehydrogenase-encod-
ing polynucleotide or polypeptide sequences. In such a
method, identities can be based on the Clustal W method of
alignment using the default parameters of GAP PEN-
ALTY=10, GAP LENGTH PENALTY=0.1, and Gonnet 250
series of protein weight matrix.

Additionally, the aldehyde dehydrogenase polynucleotide
or polypeptide sequences disclosed herein or known the art
can be used to identify other aldehyde dehydrogenase
homologs in nature. For example, each of the aldehyde dehy-
drogenase encoding nucleic acid fragments disclosed herein
can be used to isolate genes encoding homologous proteins.
Isolation of homologous genes using sequence-dependent
protocols is well known in the art. Examples of sequence-
dependent protocols include, but are not limited to (1) meth-
ods of nucleic acid hybridization; (2) methods of DNA and
RNA amplification, as exemplified by various uses of nucleic
acid amplification technologies [e.g., polymerase chain reac-
tion (PCR). Mullis et al., U.S. Pat. No. 4,683,202; ligase chain
reaction (LCR), Tabor et al., Proc. Acad. Sci. USA 82:1074
(1985); or strand displacement amplification (SDA), Walker
etal., Proc. Natl. Acad., Sci. U.S.A., 89:392 (1992)]; and (3)
methods of library construction and screening by comple-
mentation.

Accordingly, it is within the scope of the invention to
provide aldehyde dehydrogenase polynucleotides, genes and
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polypeptides having at least about 70% to about 75%, about
75% to about 80%, about 80% to about 85%, about 85% to
about 90%, about 90% to about 95%, about 96%, about 97%,
about 98%, or about 99% sequence identity to any of the
aldehyde dehydrogenase polynucleotides or polypeptides
disclosed herein (e.g., SEQ ID NOs: 732-765 of Table 4)
Identities are based on the Clustal W method of alignment
using the default parameters of GAP PENALTY=10, GAP
LENGTH PENALTY=0.1, and Gonnet 250 series of protein
weight matrix.

The modification of aldehyde dehydrogenase in a recom-
binant host cell disclosed herein to reduce or eliminate alde-
hyde dehydrogenase activity can be confirmed using methods
known in the art. For example, disruption of a particular
aldehyde dehydrogenase could be confirmed with PCR
screening using primers internal and external to the aldehyde
dehydrogenase gene or by Southern blot using a probe
designed to the aldehyde dehydrogenase gene sequence.
Alternatively, one could utilize gas chromatography-mass
spectroscopy or liquid chromatography to screen strains
exposed to isobutyraldehyde for decreased formation of
isobutyric acid. Accordingly, provided herein is a method of
screening for strains with decreased isobutyric acid formation
comprising: a) providing a strain comprising a modification
in a polynucleotide encoding a polypeptide having aldehyde
dehydrogenase activity and/or a modification in a polynucle-
otide encoding a polypeptide having aldehyde oxidase activ-
ity; b) contacting the cell with isobutyraldehyde; and ¢) mea-
suring isobutyric acid formation; wherein isobutyric acid
formation is reduced as compared to a control strain without
the modification. In some embodiments, the modification is a
deletion, mutat